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Guest Editorial

EDITORS’ REMARKS

Ir is with great pleasure that we, along with Editor-in-
Chief Ken Miller and the Health Physics editorial staff,
bring you this special issue, Cc)tl~t’qlletl(e.~(!f N[!(leor
Te.vtitl,qitt th(’ MiIrsh(ill I.sl(ltl(ls. Many readers undoubt-
edly are thinking: Why report on the Marshall Islands
now’? There are several ~nswers to that question, but
certainly an important one is that the issues of radiation
protection made necessary by the nuclear testing pro-
gram. are still relevant todtiy, and the assessments of
health, social and ecological impucts, are still going on.
Furthermore, r~diation protection issues in the Marshall
Islands have similarity to issues in other countries that
have experienced similar events.

The genesis of this issue was in 1993 at the mid-year
Hetilth Physics Society meeting in Coeur d’Alene, ID.
We began o dialogue then to discuss the possibility and
the relevance of an issue devoted entirely to the Marshall
Islands. It was particularly fitting at that time to plan for
such a publication since two commemorative dates were
tipproaching: ( 1) 1994 would mark 40 ye~rs since the
inFamous BRAVO test that seriously exposed Marshall-
ese on Rongelap and neighboring atolls, and (2) 1995
would mark 50 years that the Bikini people had been
gone from their traditional home, originally displaced by
the nuclear testing progrdm. Though it was not possible
to publish the issue in 1994 or 1995. this issue serves to
commemorate those events.

We agreed that the papers presented here needed to
be scientifically based but we felt that it was also
important to go beyond the hard facts of radioactivity
measurements and dose assessments to provide some
information on the impact that nuclear weapons testing
had on the culture and society of the island country as
well as the context of the events in the history of the time.
Thus, you will observe a slight departure from the usual
content of this Journal though all papers h:ive undergone
the customary level of anonymous peer review.

The papers presented here were authored by scien-
tists ranging in age from those well into mature careers at
the time of nuclear testing progr~rn to those who were
just youngsters. too young to understand the events
taking place. It is impressive just how many scientists
over the decades have applied themselves to studying
and solving the problems brought about by nuclear
testing in the Marshall Islands, and a cross-section of
those are represented by the authors of these papers.

The response of the scientific community to a
formal Call-For-Papers was enthusiastic; consequently,
this issue is one of the largest ever published by HecJlrh
P/ly.si(.s. The papers have been arranged into what we
feel to be a logical sequence: (a) History, (b) Radiolog-

()()I7-907x/~)7/$3. ()()/()
C{~pyri:l)[ O IC)C)7Hc:IIII1Ptly\ic\ St)cie[y

ical Monitoring, (c) Dose Assessment, (d) Hetilth Effects.
(5) Environmental Studies, and (6) Additional Papers.
The only topic that seemed essential for completeness
but that could not be included was a description of the
programs and the criteria for the radiological cleanup of
Enewctak Atoll which took place from 1978 to 1980.

We are indebted to the authors, reviewers, editors and
our publisher for the efforts they extended to assist in
producing this special issue. In particular, we would like to
acknowledge the financial support of this publication by the
Office of International Health Programs of the U.S. Depart-
ment of Energy. Publication cost for authors working within
DOE supported programs as well as for independent au-
thors without institutional affiliation or provisions was
supported. We sincerely appreciate the assistance of the
Department of Energy for making this issue possible.

We, as well as many other scientists, believe that it is
worthwhile and imperative to publish these papers today.
Other countries on several different continents arc
grappling with the same issues as in the Marshall Islands:
environmental damages, health consequences, societal fear
of radiation and cancer and financial issues, including costs
of remediation. community rebuilding and compensation.
Thus, information from the Marshall Islands should be
useful in a global sense, and that fact increases the value of
the information presented here.

Finally, wc should all be aware of a problem that is
rather difficult for us to accept: that the zealousness with
which the scientific community approaches studies of
radiation effects sometimes leads to a misunderstanding
by those who have been exposed or believe themselves to
have been exposed. The opportunity to learn from our
mistakes is invaluable, but the tendency of scientists to
poke and prod and sample c[d i~!fi)?irtl}tzcan sometimes be
misunderstood as evidence of having purposefully cre-
ated the injury. Wc understand that the opportunity to
conduct research that may be of fro-reaching value has no
relation to the circumstances that led to the injury. This
conclusion was reached by President Clinton’s investigative
panel on Human Radiation Experiments in relation to the
Marshall Islands exposures. As specialists in radiation
protection, wc owe our attention and our best efforts to the
Marshallese, and in that spirit we present this issue on
Cotl.v(’qltt’tlces{!fN[!(le~tr Testitlg itl the M(lr.sh(l[lI.Yl(til(lY.

Sr~.v~~. L. SIkION
N~ltiot~[llRe.~e[trch Colltl(il
N(ttiotl(tl Ac(l(lettly (?fS(ietzc(’s

W{l,Yhit2gfo?l,DC

Rich~ir[l J. Vetter
M(Iy[) Clitlic

Rocht’stcr, MN
■ ■

Repio~uced f ~om the jol~rna!. Health Phys i.cs T.r; th
permi:ssi on from the 13ealth Physics Soc~.ety
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— Paper

A BRIEF HISTORY OF PEOPLE AND EVENTS RELATED TO
ATOMIC WEAPONS TESTING IN THE MARSHALL ISLANDS

Steven L. SinIon*

Abstract—The events related to nuclear testing in the Marshall
Islands began at the end of WW’11 when the U.S. begim an
initiative to determine the tt~ect of nuclear weapons on naval
vessels andonthe perf’ormancc of military personnel.”[heflrst
tests took place in 1946 even though the area known as
Micronesia was not entrusted to the U.S. by the United Nations
until 1947. Beginning with the first relocation of the Bikini
people to Rongerik Atoll in 1946, the saga of the Marshall
Islands invol~ement in the atomic age began. Although the
testing program was limited to the years 1946 through 1958,
many of’ the consequences and events related to the testing
program continued over thedecades since. That story is still
ongoing with programs currently underway to attempt to
resettle previously displaced communities, remediate contam-
inated islands, and to settle claims of damages to individuals
andcommunities.r~ heh istory of the years subsequent to 1958
area mixed chronicle ofa few original scientific investigations
aimed at understanding the coral atoll environment, continued
surveillance of the acutely exposed Nlarshallese, some ef~orts at
cleanup and remediation, numerous monitoring programs and
many studies repeated either for credibility purposes, to satisfy
international demands or because the changing state of knov)l-
edge of radiation protection has necessitated us to rethink
earlier beliefs and conclusions about late health effects and
social consequences. The objective of this paper is to briefly
note many of the historical and political events, scientific
studies, persons and publications from 1946 tothe present that
relate to atomic weapons testing in the Marshall Islands.
Heaith Phys. 73(1):5-20; 1997

Key words: Marshall Islands; fallout: weapons; exposure,
radiation

INTRODUCTION

Tti[ ~ii,l.i~lxc;CJI’the history of’ the Marshall Islands and the
United Sttites began at the end {)f WWI1 when the U.S.
Navy began ~n initiutivt! t{) deternline the effect of atomic
weapons on naval vessels and the perf{)rnlance of nlili-
t~ry pcrst)nnel. Beginning under the Trunlan adn~inistr~-
tion tind continuing under Eisenh{jwer, the cnthusiasn~ of

the U.S. gc)vcrnnlent for testing new and Iurger atotnic
weapc~ns was tipparent]y O sign of post-war uneasiness,
p~rtially a result of advdnccs in nucletir techn(>logy by
our Soviet counterptirts. The 1950’s was the period (}f
Mutual Assured Destructit)n (MAD’), when the East and
West nlanuiacturcd 50.()()() nuc]ctir and therrn{)nuclear
weapt)ns. During those years, children in the U.S. were
taught to plunge under sch{)ol desks at the sound of an
uir-raid siren, and their parents were cncc)uragcd tt~ build
fullout shelters. The nuclear riv:ilry during those years
and the anxiety thut acc~)nlpunicd it ultitnatcly led the
U.S. tc) involve the remote nlid-Pacific islands (Marshall
Islands, Johnston” Atoll, tind Christnlus Island) in the
blt)ss[)nling nuclear age.

The technical progranls as well as the adnlinistrtition
c)t’ the U.S. at~)nlic weapons testing pr[)gran~ in the
Marshall Islands is rccc)rdcd in tntiny thousands c)F
histt)rical military and g{)vet-nnlcnt docun~ents. but little
historical narrative of the events rcltited to the testing
program has been written. MSC ( 1978) und Deines ct al.
( 1991 ) pruvidc substantiu] sun~rnary infornlation” in chru-
nulogical order and may be consulted by inter-ested
rcadet-s. At letist onc early book” (Hines 1962) cuncer]-
trated on discussing scientific studies in the Pacific that
were conducted during the testing years. Schultz und
Schultz ( 1991 ) provided a biblic)gruphy of” government
related documents to titotnic testing in the Marshall
Islands while Stannard ( 1988) reviewed in general the cra of
testing and the exposure of the Murshallese from BRAVO.
Eisenbud ( 1990) guvc a t’~scinat ing account (~t events,
tnainly during the 1954 CASTLE series, from the point {)f
view of the director c)f the AEC Hc~lth tind Safety Labora-
tory. Scverdl of the ahuvc public~tions ~re r]ut easily
obtuinablc and rrc)ne include dcvclt)pn]ents over the last 5 y.

The objcctivc of’ this paper is [o provide a short
overall synthesis ot’ events and nlcdical and crlvironnlen-
tal consequences and to note surne of the people invt)lved
and irnport~nt publicatit)ns reltited t{) the aturnic weapons
testing program in the Marshall Islands. ‘1’hc litcrtiturc
sources rncntiorted above were drawn upon us were
numcrt)us scientific reports from past and pt-csent U.S.
agencies, histc>rical rnernoranda frc)ln archives. as well ils
events witnessed by the oltthc)r dur-ing the lust 7 y. N()
attenlpt is made to list all avuilablc public~ti~)ns, rather u
cross-sccti[)n L)l’ inlportunt Lk)cutnents is gilen. Sornc

Reproduced from the journal Health Physics ;~ith
permi.ssi.on from the Health Phys;.cs Society
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emphasis is given to the BRAVO incident because of its
notable importance to later day consequences. This
chronology covers the history to the present date.

HISTORY OF THE MARSHALL ISLANDS:
PRE-ATOMIC TESTING ERA

2000 B.C. to 1500’s
The small islands of the mid-Pacific, later to be

known as Micronesia, were discovered by canoe-
traveling seafarers from western Melanesia or southeast
Asia. Parent communities spawned other cotnrnunities at
distances that could be covered by canoe, sometimes up
to hundreds of km distance. This prehistoric movement
across the Pacific resulted in the eventual migrtition tind
colonization of Oceania (Bellwood 1979), including the
area now known as the Marshall Islands.

1600’s-1900
The small islands, later to be known as the Mar-

shalls, were discovered by Spanish, Dutch, and English
explorers and later Germans. The southern islands of the
Marshalls were put to use for gathering coconuts for
production of copra oil.

Early 1900’s
Japan began an administration of the islands; their

domination afforded them the opportunity for military
buildup in anticipation of WWII.

THE ATOMIC WEAPONS TESTING ERA

1944
The Marshall Islands, which had been administered

by Japan since the end of WWI, fell to the U.S. military
forces in bloody battles at Kwajalein and Enewetak and
other atolls during the war in the Pacific. There were
about 3,000 U.S. casualties tind about 1I ,()()0 Japanese
casualties in these battles.

1946
In February following the end of W WI I, Commo-

dore Ben H. Wyatt, the appointed military governor of
the Marshall Islands, asked the people of Bikini if they
would leave their atoll temporarily so that the United
States could begin testing atomic bombs “for the benefit
of all mankind” (Weisgall 1994). In March, the 166
Bikini people were relocated by the U.S. Navy to
Rongerik Atoll, about 125 miles east, to make way for
preparations for the atomic testing program on Bikini
beginning with Operation CROSSROADS. Residents of
Enewetak, Rongelap, and Wotho Atolls were also tem-
porarily relocated during CROSSROADS. The Enewetak
community was moved to Meek Island (Kwajalein), and
the communities on Rongelap and Wotho were moved to
Lae Atoll.

The spectacle of Operation CROSSROADS, which
included the world’s third and fourth atomic explosions
(ABLE and BAKER), was displayed at Bikini Atoll in
June and July under the watchful eye of some 42,000
soldiers, press, politicians, and official spectators. Nearly

July 1997. Vulumc 73, Number I

100 vessels were used as targets for the tests of CROSS-
ROADS including the US aircraft carrier St/rt/t{J,q[/, the
US battleship Ark[zi?.s{/.$,the Japanese battleship N~/,q~Jt(~,
the German cruiser Pt.i/?:E~/,q~’t?,and the Japanese cruiser
S(lk~t}\(l.

The Atomic Energy Commission (AEC) was born
under the Truman administration by the signing of the
Atomic Energy Act in August.

1947
The entire area of Micronesia was designated by the

United Nations Security Council as the United Nations
Strategic Trust Territory (TT) to be administered by the
United States. Truman delegated the administration of
the TT temporarily to the U.S. Navy.

The Applied Fisheries Laboratory J(AFL) of the
University of Washington issued a report on a resurvey
of Bikini Atoll conducted in the summer (Donaldson
1947). The studies reported on were a continuation of
studies they began immediately following CROSS-
ROADS in 1946.

An investigating board recommended removal of
the Bikini people from Rongerik because of insufficient
food and water (Deines et al. 199 I ).

The 145 EneweP~k inhabitants were relocated to
Ujelang Atoll to ready Enewetak Atoll for nuclear testing
upon a recommendation of AEC Chairman, D. Lilicnthal.

1948
The Bikini people were relocated to Kwajalein Atoll

for about 6 mo because of near starvation on Rongerik
Atoll. After a lengthy search for a new home, the Bikini
people agreed to relocate to Kili Island because of the
absence of alternative residence sites, and they were
again moved (see Niedenthal, 1997). Kili was viewed as
only a temporary home~ because it lacks a lagoon and
protected anchorage, both important for fishing as a
means of feeding the community.

Operation SANDSTONE was conducted in April
and May at Eniwetak Atoll and included 5 tests. In May,
the AFL collected aquatic specimens for study. A second
collection was made at Eniwetak in July after the
completion of a survey of Bikini.

1949
A reDort on the Bikini “resurvev.” i.e.. a second,

collection of aquatic organisms, wa~ issued by
(Donaldson 1949).

1951
Operation GREENHOUSE was conducted in

and May at Eniwetak Atoll and included 4 tests.

I The Applied Fisheries L~h<~r~t{>ryhdd hegLln in 1944 as
the M:mh~\ttan District prc)gr:ml; its mime was deliberately milde
mi~leading [[) hide its c{~nnect inn. The name wtis changed in Januiiry
1958 to the L:~hc)r:ltory of R:ldiation Bi(~lngy (Hines 1962).

+ The Bikini people are still resident on Kili lsl~md tc)d~(y.



1952
The Health and Safety Laboratory (HASL, now the

DOE Environmental Measurements Laboratory) located
within the AEC New York Operations Office was orig-
inally assigned to monitor the area in the Marshall
Islands beyond 500 miles, leaving the closer islands the
responsibility of Joint Task Force 132. In September,
however, “the NYOO assignment was extended to in-
clude all of the islands of the Trust Territory except
Enewetak itselF’ (Eisenbud 1953a). The monitoring pro-
grams that were subsequently developed included I I 1
gummed film stations worldwide os well as a system for
aerial monitoring of the islands in the western Pacific.

In early October, before Operation IVY. the Navy
transported 169 Ujelang people 1()() miles further awdy
from Enewetak as a precautionary measure.

Operation IVY (2 tests) was conducted in October
and November at Eniwetak Atoll; the first test MIKE was
the first U.S. thermonuclear weapon detonated. MIKE
vaporized the island of Elugelab, which housed the
cryogenic plants for maintaining liquid tritium and deu-
terium. Left in its place was a one-half mile deep crater.
In the nuclear debris from MIKE, two new isotopes of
plutonium were discovered (24qPu and ‘4(’Pu) as well as
two new elements, einsteinium and fermium (Seaborg
and Loveland 1990). Fortunately, the main fallout debris
from MIKE fell onto the open Pacific Ocean as planned
(Eisenbud 1990).

1953
Maj. Gen. P. W. Clarkson was appointed military

commander for Joint Task Force 7 (JTF7), which had
responsibility for the conduct of the CASTLE series.

HASL issued a report on radiological surveys fol-
lowing Operation IVY (Eiscnbud 1953b) and began
preparations for monitoring Operation CASTLE. It was
decided that automatic continuous reading radiation
monitors would be installed at Truk, Ponape, and Kusaie
(all three in the TT; now the Federated States of
Micronesia) and Majuro. Rongerik, and Ujelang (three
atolls of the Marshall Islands). The equipment as de-
signed was automatically triggered into operation by an
increase in the r~diation level from the passing of a
radioactive fallout cloud. Power provisions would keep
the instrument running from 8 to 10 d, after which it was
intended that they would be retrieved. Also planned was
the placement of gummed paper on naval vessels in the
Pacific (Eisenbud 1953a) to supplement the limited data
that could be obtained from island monitoring.

In October, the AEC Weather Bureau office issued
a “Meteorological Analysis of the Transport of Debris
from Operation IVY” (Hubert et al. 1953).

A report (Lulejian 1953) was issued by the Air
Research and Development Command in November to
evaluate the long range hazards of radioactive fallout.
The report was immediately classified and recalled soon
after distribution (statement of M. Eisenbud, Congress
1994).11The report predicted for the first time that lethal

IIThe Lelujifin repnrl w~ls Llecl;issitlcd in 1996.

concentrations of radioactivity may extend 30–50 miles
downwind of the detonation site of I() megaton weapons.
Furthermore, it predicted high concentrations of radioac-
tivity over an elliptical area of I ,000-5,000 square miles.

Maj. Gen. Clarkson determined that pre-shot evac-
uation of inhabited atolls would not be necessary for
CASTLE because wind conditions prior to the test would
be used to judge the safety of the pending tests. HASL
recommended a standby evacuation plan for Marshallese
in case of unexpected fallout on inhabited atolls but tbe
suggestion was not accepted by JTF7 (Eisenbud 1990).

The AFL reported on tumors on lp~jrtlf)t’~1 tllhti
plants (a ground vine) at Enjebi Island, Eniwetak, sam-
pled during July and August 1949, 17 mo after a test
(Biddulph and Biddulph 1953).

1954
BRAVO, the first test of Operation CASTLE, was

detonated tit 6:45 AM on I March (local Pacific date,
time) at Bikini Atoll. The explosive yield of BRAVO
was “three times the most probable predicted value and
twice the predicted upper limit. . . “ (DNA 1954a).

The winds above 17,000” feet were blowing ENE at
the time of detonation (DNA 1979); consequently heavy
r~dioactive fallout was received at Rongelap, Rongerik,
and Utrik Atolls, exposing inhabitants there as well as the
fishing vessel, the Ll{(’ky Dr~/g{)}z,which was NE of
Bikini. Much lower levels of radioactivity reached vari-
ous locations in the Marshal] tsl:inds including Kwaj~lein
Atoll (Harley et al. 1960) and Majuro Atoll (Breslin and
Cassidy 1955’1[).

Twenty-eight American military personnel were
stationed as weather observers on Rongerik Atoll. The
onset of visible fallout at Rongerik was approximately
1400-1430 h (Sharp and Chapman 1957). A stationary
measurement instrument with strip-chart output that had
been placed at the Rongerik Atoll weather station (Eni-
wetak Island) by HASL (Eisenbud 1990) went off scale
at 100mrh–l at H + 6 h, 48 min (Sharp and Chapman
1957). Following the radio transmission from Rongerik
to the JTF flagship Esfe.s, there was an unexplained delay
in confirming the reported fallout (Eisenbud 1990; Eisen-
bud 1997).

The weather observers were evacuated from
Rongerik in two different groups: the first eight men
were removed about 22.5 h following the onset of Pallout
(1245, 2 March), the remaining twenty men at about 28 h
( 1800, 2 March).

Sixteen Marshallese were evacuated by plane from
Rongelap at 1000, 3 March (H + 51 h). Forty-eight
Marshallcse were evacuated from Ron,gelap on the USS
Philip at the same time (total of 64 persons). Eighteen
Rongelapese temporarily staying on Sifo Island, Ailingi-
nae, were evacuated on the USS Philip at H + 54 h.
Survey measurements on Ronge]ap Island made by the
evacuation team reported readings of 7.2 X I()’8 C

’11Both ~lnclus~lficd ~l,d ~l:lssificd icrsif)ns n( this report s~ellled lo

have cxisled sitllLllt&ltle(JLlsiy. The uncl:issified k)ersiorr WIIS ;Iv:iiltlb]e
since 19.55; (he SECRET version W,:ISdecl:lssified in M:~y 1994.



kg ‘s ‘ (1.orh l)to 1.7 X 10 7Ckg1si(2,3r
hr ‘) in the main village (Sharp and Chtipman 1957).#

The Rongelap people were taken to Kwajalein for
decontamination, examinations, and health care provided
by :i medical team formed from personnel from the Naval
Medical Research Institute (NMRI) and the Naval Ra-
diological Defense Laboratory (NRDL). The team was
headed by Dr. Eugene Cronkite. Within the first 24 to
38 h after exposure, about two-thirds of the Rongelap
people experienced anorexia and nausea including diar-
rhea. Many experienced itching and burning of’ the skin.
About 2 wk after exposure, cutaneous lesions and loss of
hair was experienced by many. Following a short stay on
Kwajalein, the Rongelap people were relocated to Ejit
Island (Majuro Atoll).

On 4 March. 159 people were evacuated from Utrik
to Kwajalcin on the USS Rer?.shcot’. The [Jtrik population
was not examined by the Brookhaven medical team until
March 1957 (Lessard et al. 1980).

Also exposed were three persons irz-ttter(j on
Rongelap, one on Ailinginae, and eight on Utrik. *’~

Twenty-three Japanese fishermen on board the fish-
ing boat Fi{kl(r[( M(IrLt N{). 5 (1.ll(kv Dr[[,q[~tz)were about
90 miles NE of’ Bikini at the time of the BRAVO
detonation. They reported seeing a reddish-white flash
and hearing an explosion 7 or 8 min later. Dust began
coating the boat about 3 h following the explosion, It was
reported that the dust coating was about 0.5 g m z with
an areal activity concentration of 26 GBq m z (J.SPS
I956).

Within a few days, the fisherman were nauseous,
and in 7 or 8 d evidence of burns appeared on exposed
areas of skin. The fishermen voyaged for approximately
2 wk on the contaminated boat until 14 March when they
arrived at Yaizu Harbor, Shizuoka Prefecture, Japan
(BICRKU 1954).

On 10 March, the AEC first announced the exposure
of the Marshallese (see Associated Press 1954) with the
misleading statements that an evacuation was carried out
according to plan as a precautionary measure. The Nett’
York Tit?res also reported that the AEC announced that
although some individuals were unexpectedly exposed to
radiation, there were no burns and that after the tests
were completed. the Marshal]ese natives would be re-
turned to their homes.

After the return of the F{/k//r~/ A4(lrt/ to Japan, a
public panic occurred there over the notion of radioac-
tively contaminated tuna (Ne}tj York Ti~??t~,s1954b: Eiscn-
bud 1990; Parrot 1954), which resulted in significant
economic damage to the commercial tuna market.

In May, the 154 people evacuated from Utrik in
March were returned to their atoll.

On I April. the Ne}t’ Yc~rkTit??es( 1954) reported on the
press conference presented by AEC Chairman, Lewis
Strauss, in which he misled the American public by stating
that the skin lesions on the fisherman of the Lucky Dragon

HThe ~ibbre}iiltinn nt’ “r” in Sharp kinciCh:ipm:in ( 1957) refers In
r[}engten. nou~ LISLIiLllyahhrevitited :!s “R.”

** Cnnt’ir]med in 1982 (A[latns et :]1, 198?).
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“are believed to be due the chemical activity of the con-
verted coral material, rather than to radioactivity. . “.

Joint Task Force Seven (JTF7) reported by memo-
randum the exposure-rate readings made by radsafe
surveys in the first 5 d following the BRAVO detonation
(House 1954). JTF7 also reported on external radiation
exposures to military personnel during Operation CAS-
TLE (Servis 1954). The highest reported exposures l“;
were 40 R by weather station personnel on Rongerik and
17 R by one weather reconnaissance pilot. The bulk of
Task Force exposures between 1.6 X 103 C kg 1 (6R)
and 3.1 X 10-s Ckg ] (12 R) were reported for Navy
ship decontamination and Air Force cloud sampling
teams. Reported were 8,101 individuals exposed from ()
– 5,2 y lo- JCkg 1 (0 – 2 R), 1,440 exposed to S.2
x 10 –l.Oxl O~Ckg 1 (2 – 4 R), 549 exposed
10X 10 ~– 1.6X 10 ‘Ckg 1(4–6R)161 exposed
l,6X10’–3.1 Xl O’Ckg 1(6–12R), and37
exposed to over 3. I X 10 ‘C kg--l (12 R).

The CASTLE series continued with four more tests
at Bikini Atoll during the 9-wk period following
BRAVO and with a single test at Enewetak I wk after the
Bikini series.

In the spring, JTF7 issued a two-volume radiological
safety report of Operation CASTLE. It appears that the
original report was classified (an extract for public distribu-
tion was later issued by Defense Nuclear Agency in 1985).

During the summer. relationships with Japan im-
proved and a joint U.S./Japan radiobio]ogical conference
was held in Tokyo. Research findings from the vessel
S/zit?k~)/si/M~/rl/ showed that the radioactivity from Bi-
kini lagoon flowed into the Equatorial and Kurishio
Currents which would eventually reach Japan and Asia.
HASL prepared a research team headed by John Harley
to track the radioactive plume under Operation TROLL:
the 3-mo mission began in San Francisco in February
1955. Although the Operation confirmed that concentra-
tions of radioactivity in seafood were below health
concerns, it did provide new data on mixing rates in
Pacific waters (Eisenbud 1990).

Extensive radiological monitoring throughout the
1954 Castle series was conducted by HASL using con-
tinuous reading gamma radiation monitors placed at
eleven locations in the Marshall, Caroline, and Mariana
Islands and by aerial surveys (Breslin and Cassidy 1955).
The instrument located at the main population center,
Majuro, documented that fallout from BRAVO resulted
in an increase from 4.7 X 10 ‘f Ckg”’s-1(0.065~R
h 1)t(~7.9 X 10 “Ckg ‘S ‘ (1.1 ~Rh-”’) forabout
14 d following the test. Possibly the first successful aerial
radiation surveys were conducted over the Marshall
Islands as part of the HASL program. Twelve lengthy
flights were conducted, some missions surveying as
many as sixteen atolls. During this series of aerial
monitoring missions. measurement data were collected
on all 28 atolls of the Marshall islands. in addition to



many more distant locations such as the Hawaiian
Islands. Midway, Gutim, :~nd Palau.

A number of field missions to Rongelap with vari-
OLISsampling objectives were held in 1954: ( I ) March
~~. the Applied Fisheries Laboratory (AFL) visited
Rongelap to make radiation readings and capture animals
for study; (2) April 13 by U.S. Naval Radiological
Defense Laboratory (NRDL) and Naval Medical Re-
setlrch Institute (NMRI); (3) JLIly 16 by the AFL; and (4)
December 18 by AFL.

1955
Additional U.S. agency sampling missions to

Rongelap were conducted in 1955: ( I ) January 25 to 30
by NRDL; (2) October 2 I to 23 by AFL; and (~)
November 7 by AFL,

In January, the AEC Health and Safety Labor~tory
(HASL) reported on radioactive debris frolm Operation
CASTLE in the Pacific (Breslin and Cassidy 1955) and
in worldwide fallout (Lynch 1955). The latter report
estimated that the world wide F~llout of beta-activity,
excluding the test site, w:is S.6 X IOIf” Bq ( 1.5 MCi) per
month in March, April, and May of 1954, decreasing to
2.8 X lo’c” Bq (().75 MCi) in June and July and 4.4 X
]01(” Bq (].~ MCi) in AugLlst.

In February, AEC Chairman Lewis Strauss released
an article to tbc public, “The Truth About Radioactive
Fall-Out” (Strauss 1955). In this article he confirmed the
then classified predictions of Lu]ejian ( 1953) in his
reference to the March I test at Bikini”; ~: “Thus, aboL]t
7,000” square miles of territory downwind from the point
of burst was so contiuninatcd that survival might bovc
depended upon prompt evacuation of the area or upon
taking shelter and other protective measures.” The notion
of an “unexpected shift in the winds” as the main cause
of the exposure of the Marsha llcse can be traced to this
article despite the evidence that the wind was blowing
ENE, dangerously close to the direction of the inhabited
atolls, at the time of the detonation.

In March, AFL issued a report (Donaldson et al.
1955) on radioactivity in fish collected at Ponape in late
1954 (then the Trust Territory, now Federated States of
Micronesia). Although the analysis as described was
limited to gross count-rates, attention was brought to the
fact that islanders prefer to consume the liver of fish,
thereby resulting in a possible tenfold increase in the
radioactivity consumed as compared to consuming equal
amounts of fish flesh.

In April. the NMRI and NRDL issued an addendum
report on Project 4.1 A of Operation Castle: “Medical
Examination of Rongelap People Six Months After
Exposure to Fallout” (Bond ct al, 1955).

In early May, the Navy Foreign Claims Commission
settled claims for the damages to Marsha ]lese related to
the BRAVO test. A total of $5,162,53 was paid to
Rongelap residents :ind $1.719.27 was paid to Utrik
inhabitants (Dcines et al. 199 I ).

~) Str:lLl\~ \\;is referring ({~the BRAV() (e\( h[it (I)c ptthlic:tti{~n clicl
not give i(s co(ic n:ln]c,

A single Pacific Ocean test was detonated as part of
Operation WIGWAM in mid-May. The test was located
about 640 km SW of San Diego; the 30 kT device was
suspended by a cable from a barge [it a depth of 600 m.

Possibly the first open literature publication describ-
ing the acute health effects among the Rongclapcse was
published in the Journal of the Americ~in Medical Ass(J-
ciation in 1955 (Cronkite et al. 1955).

The Appl icd Fisheries Laboratory reported on their
various surveys of Rongelap during i954 and 19S5
(Dona]dson 1955). From March 1954 to January 1955,
the radioactivity in coconut meat and milk declined to
about 4°\c of its initial value though measurements were
limited to the gross beta-decay rate.

1956
Operation REDWING was conducted May through

JL]ly at both Bikini and Eniwctak Atolls and included 17
tests, several of which were hydrogen bombs.

Additional sampling missions to Rongc]ap were
conducted: ( 1) February 7 to 14 by NRDL and (2) July 23
to 24 by AFL, The survey at the end of July found
external dose-rates on Rongela Island to be about 1.4 X
lo llCkg ‘s ?1(().2mRb )–3,6X1011Ckg 1
s ~(().5 mR h ‘) with an average of 2.9 X 10 11C kg 1
s ((),4 mR h l)(AEC 1957). The exposure rate was
noted to be higher than anticipated by considering the
theoretical decay rate of BRAVO F~Ilout and was attrib-
uted to adclitiona] radioactive fallout received on
Rongelap from Operation REDWING.

in November, The U.S. Government complctcd an
ugrecment with the Enewetak chiefs through the TT High
Commissioner, allowing the Encwetak people full use of
Ujclang Atoll until they could return to Enewetak; the
SLIm of $ 175,()()() was provided for assistance,

In the same month, a similar agreement was settled
with Bikini and the sum of $325,()()() was provided.

1957
In March an addendum report of Project 4. I of

Operation Castle was issued on “Exposure of Marshall
Islanders and American Military Personnel to Fallout”
(Sharp and Chapman 1957). The report detailed the
homes. water catchments, etc., of the Rongelap commu-
nity as well as the movements of the service personnel in
the hours after fallout and before evacuation. Tbc report
also included film-badge readings from the service per-
sonnel.

In February, the AEC approved the return of the
Rongclapese to their atoll based on the projection of an
exposure of 1.3 X 10 ‘4 C kg 1 (0.5 R) in the first year,
declining thereafter. In mid-June, measurements showed
the external exposure-rate to be about 2.1 X I() -‘ 2 C
kg ‘ s ‘ (0.26 R y -‘). On 29 June, about 250 people
were returned to Ronge]ap Island. including those orig-
inally evacuated and some additional people added by
marriage and birth.

Brookhaven National Laboratory ( BNL) developed
a whole-body gamma scintillation spectrometer for the
purpose of measuring the internal radioactivity of
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Rongelap people. Members of the Rongelap community
were transported by air to the U.S. for whole-body
counting. Dr. Robert Conard of BNL took over direct-
ing the medical surveillance program of the exposed
Marshal lese.

In August, the AEC issued a report entitled “Radio-
active Contamination of Certain Areas in the Pacific
Ocean From Nuclear Tests” (AEC 1957). Despite the
elusive title, the document summarized data from the
radiological surveys of Rongelap and the medical exam-
inations of the evacuated populations.

1958
The last series of Marshall Islands tests was con-

ducted as Operation HARDTACK 1. Both Bikini and
Enewetak Atolls were used for the 35 detonations.

A “portable” 21-ton steel whole body counting
facility was developed by BNL to take to Rongelap
abotird a landing craft for whole-body counting of the
Rongelap community members.

The United States, Great Britain, and USSR sus-
pended nuclear weapons testing as part of a nuclear
testing moratorium on 31 October.

POST-TESTING ERA

1960
The University of Washington Laboratory of Radi-

ation Biology (LRB, previously AFL) issued a report
(Palumbo 1960) on the recovery of land plants at
Enewetak following the testing. LRB also issued a report
(Chakravarti and Held 1960) on 1S7CSin the coconut crab
(Bir<qLf.Sh~?rc~)collected from Rongelap Atoll during
1958. The coconut crab, recognized to be a delicac

,3t0
Marshallese, was found to contain high Icvels of Cs
due to its diet of fresh coconut.

1962
A book was published describing the radiobiological

studies in the Pacific during the years 1946–1 961 (Hines
1962).

The Federal Radiation Council issued the first report
on the pathological effects of thyroid irradiation, sum-
marizing the experience of the Rongelapese to date (FRC
1962).

1963
Nine years after exposure to BRAVO fallout, the

first thyroid nodule in the heavily exposed Rongelapese
was detected (diagnosed in a 12-y-old girl, i.e., 3 y of age
at exposure).

The first paper was published on the chemical and
radiochemical composition of the Rongelapese diet
(Chakravarti and Held 1963). High dietary intake levels
of ‘S7CS and ‘OSr were noted where local fruit was
consumed, and boCs and 65Zn were associated with diets
of local fish.

1964
The University of Washington’s Laboratory of Ra-

diation Biology resurveyed Bikini. Compensation for
exposed Rongelapesc as a result of’ BRAVO Fallout was
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appropriated by P.L. 88-485 in the amount of $950,000.”
The compensation was considered as a full settlement of
all claims against the U.S. (U.S. 1964; Deines et al.
1991).

1965
Held ( 1965) reported on gamma dose rates on

Rongelap during the years 1954 to 1963 and concluded
that the exposure rate had decreased faster in the envi-
ronment than predicted by the theoretical decay of 2S5U.
The reason given was due to the downward movement of
1~7Cs in the soil. Their data also showed thot the dose rate
on Rongelap Island at D + I (time of detonation plus one
day) was 9.8 X lo-6Gy s- 1 (3.5 rh-”’) and 9.8 X 10 ‘
Gy s -1 (3S r h--1) on Lomuilal Island in the northern port
of the atoll.ss

Held et al. ( 1965) also reported on redistribution of
radionuclides in soils following fallout contamination.
Some basic tenets of radioecology resulted from those
studies, including the observations that soil algae, found
as a surface crust in undisturbed areas. had the highest
levels of radioactivity and that vegetation litter redeposits
1-T7CSand ‘){)Srback to the surface layer of soil.

1966
The National Academy of Sciences issued an up-

dated version (FRC 1966) of its 1962 report on patho-
logical effects of thyroid irr~diation, further summarizing
the experience to date of the exposed Rongelapcse. 1111By

this date, 7970 of children less than 10 y of age at time of
exposure had developed thyroid abnormalities as com-
pared to no thyroid pathology in non- or lesser-exposed
populations.

In 1966, an open literature publication summarized
the induction of thyroid nodular disease among the
exposed Rongelapese (Conard et al. 1966).

Secretary of the Interior. Stewart Udall, advised
AEC Chairman Seaborg that the Department of the
Interior was anxious to determine whether the Bikini
people could be returned to the homeland and requested
the AEC to make that determination as soon as possible.

1967
Following a request in 1966 from the High Com-

missioner of the Trust Territories of the Pacific to the
AEC to rehabilitate Bikini, the atoll was resurveyed in
April and May by personnel from HASL, the Division of
Biology and Medicine (DBM), NRDL, the Trust Terri-
tory (TT), and University of Washington (UW). A report
by HASL was issued on the externtil radiation levels
determined by the survey (Beck et al. 1967).

$P The ~lbbre~,iatitjn Ot’ “r” rclers to r(]engten, n{~w usu:illy
abbreviated as “R.”

‘1’1The re~der sht>uld tuke n[~tc thk~ttwo {>t’the t’m]r c{>nclusit>ns (~t’
the 1966 report are still tc~pics of research :Ind, :dtht~ugh not yet fully
resolved, some of these questi{ms mtiy be answered by studies (Jt the
eft’ects of the Chern(~byl :~ccidcnt: ( I ) The shape nf the response cure
below I Gy ( 1()() rod) is unknowtl. (2) X fiiys are pr[)b:ibly :IS effeclile
it’ not more so th~m 131I in pr(}ducing thyroid lesi~>ns t(~r equal, ~vertige
:tbst>rbed d{)ses dcli~)ercd I(] the gland ~]t similtir r:ltes.



In October, 300” Enewetak people living on Ujelang
were moved to Majuro for better food and improved
living conditions.

1968
In April, the AEC DBM appointed an Ac/ H{jc’

committee of eight experts to consider the question of
return of the Bikini population (McCraw n.d. ).

In August, President Johnson publicly announced
the decision to resettle the Bikini people on their home
atoll (AEC 1968).

1969
In February, a clean-up phase as part of the rehabil-

itation of Bikini was begun by the AEC and Department
of Defense (AEC 197 I ) and was completed by October.
The At/ Hcjc committee reviewing the 1967 survey
concluded that the Bikini-Eneu complex of islands could
be used for continuous occupancy and agricultural de-
velopment to support the returning population. The
committee stated that. on the basis of information pro-
vided, the exposures to radiation resulting from the
repatriation of Bikini people would not offer a significant
threat to their health and safety (McCraw n.d.; AEC
1968). The committee further recommended that test-
related debris should be removed to eliminate physical
hazards. The concentrations of ‘)(’Sr in the food chain
were believed at that time to be the primary hazard with
respect to internal dose. The committee’s recommenda-
tions were made to the Chairman of the AEC who
informed the Secretary of the Interior, the Administrator
for the Trust Territory of the Pacific.

About 40 people began living on Eneu Island, Bikini
Atoll. A general cleanup of debris and buildings was
begun. An agricultural reclamation program was initiated
with the planting of coconut trees on Eneu and Bikini
Islands. Pandanus, papaya and banana were planted on
Bikini Island (Robison et al. 1977). Construction of 43
houses was begun (continuing until 1974).

1971
The AEC issued a summary report of the 1969 and

1970 surveys of Bikini Atoll (AEC 197 I ).

1972
In January during the Congress of Micronesia, a

Marshall Islands representative accused the U.S. of
intentionally exposing the inhabitants of Rongelap and
Utrik to develop medical capabilities for treating radiation
exposure during wartime. In response to the accusations, the
Rongelapese boycotted the BNL medical survey charging
them with using the Rongelap people as guinea pigs.

The 40 people living on Eneu Island (Bikini Atoll)
and an additional 20 women and children moved to
Bikini Island. Additional monitoring was conducted by
AEC Division of Operational Safety with support of the
AEC Nevada Operations Office, UW and the Western
Environmental Research Laboratory of the Environmen-
tal Protection Agency.

Plans continued for a cleanup of Enewetak Atoll. An
interagency meeting delegated responsibilities for fund-

ing the pre-cleanup survey to AEC, the radiological and
nonradiological cleanup to DOD and the rehabilitation
costs to DO1. In October, the pre-cleanup radiological
survey of Enewetak began.

The only documented death from radiation-induced
leukemia among the exposed Rongelapese occurred in a
19-y-old male, exposed at age 1 y (Conard 1975). He
died at the National Institutes of Health, where he was
being treated.

1973
Field operations of a survey of Enewetak (pre-

cleanup survey) were completed in February.
Testimony provided during House Appropriations

Committee hearings disclosed that urine bioassays of
people intermittently resident on Bikini showed ‘37CS
higher than in 1970 by about 10X and “’)Sr higher by
about 4X. The increase in body burdens was attributed to
the consumption of fruits grown on Bikini Island.

1974
Compensation was paid by the AEC to the TT in the

amount of $18,212, to be dispersed in equal payments of
$116 to the exposed Rongelapese or their heirs.

The AEC task group recommended cleanup levels
for plutonium contaminated soil at Enewetak Atoll: 1.48
Bq g-’ (40 pCi g-- ‘ original units )-—no action required;
1,48 to 14.8 Bq g- 1 (40 to 400 pCi g-’ )—corrective
action determined on a case-by case basis (related to
projected land use); and greater than 14.8 Bq g-’ (400
pci g -1 )—corrective action required.

President Ford created the Energy Research and
Development Administration (ERDA).

1975
A survey of Bikini and Eneu Islands was conducted

by Lawrence Livermore National Laboratory (LLNL)
under contract with ERDA to determine low-exposure
sites for additional housing.

In June, P.L. 94-34 authorized an e.r grtlrici payment
of $3 million to the people of Bikini in recognition of the
hardship they endured (U.S. 1968).

In September, the DOD discussed the postponement
of the resettlement of Bikini, implying that a radiological
survey of Bikini, similar to the pre-cleanup survey of
Enewetak, might be necessary. The Bikinians brought a
lawsuit in U.S. District Court in Hawaii to force the U.S.
to stop the resettlement until a comprehensive radiolog-
ical survey of the atoll was conducted.

1976
Brookhaven National Labor~tory (BNL) conducted

an external radiation survey program of five northern
atolls and, in April, surveyed some of Bikini Atoll.

1977
In March, 56 Enewetak community members re-

turned to Japtan Island in Enewetak Atoll.
In August, President Carter created the Department

of Energy (DOE) by Public Law 95-91.



P.L. 95-134 mandated a continuous medical care
program for the Marshallese exposed to BRAVO fallout,

A report was issued by LLNL to assess dose to
returning Bikini residents (Robison et al. 1977).

1978
In April, urine was sampled from the Bikini resi-

dents by BNL; those data and ]‘7CS body burdens
determined by whole-body counting were reported to the
DOE in July. Body burdens of several individuals ex-
ceeded the maximum permissible body burden (MPBB)
of 1. I X 105 By (3.0 pCi), and values for a dozen
individuals ranged between 2.2 X 104 By (0.6 pCi) and
2.2 X 10s (5.9 pCi) (Greenhouse 1978). In September, as
a result of the increases in body burdens, the Bikini
residents were again relocated to Kili Island.

The Northern Marshall Islands Radiological Survey
began in September under a contract issued by the DOE
to EG&G for aerial monitoring of eleven atolls. A
hcl icopter mounted NaI detector array was used for
gamma spectrometry measurements. LLNL also acquired
plant and soil samples as part of the monitoring program.

A $75M settlement with Bikini for damages re-
solved claims against the U.S. for taking and using Bikini
as a testing grounds (Weisgall 1994).

1979
DNA ( 1979) issued a “Compilation of Local Fallout

Data” for oceanic tests. This volume gave the H hour, H
+ 3 hour, and H + 6 hour holographs for the BRAVO
test clearly showing the winds above 17,500 feet to have
been blowing ENE.

In March and April, the DOE through LLNL con-
ducted a survey of Enjcbi Island (Encwetak). In Septem-
ber, a concrete dome was completed over a radioactive
waste repository made from the CACTUS (shot) crater
on Runit Island (Enewetak). Over 100.000” m] of soil
contaminated with transuranic radionuciidcs, principally
isotopes of plutonium and americium, were mixed with
cement and imbedded in the crater.

Twelve of the twenty-eight military personnel ex-
posed on Rongerik to BRAVO fallout were medically
examined in possibly the only medical follow-up of this
exposed group (Bailey 1995).

1980
In March, the cleanup of Enewetak Atoll was

completed at an estimated cost of $218 million (Dcines et
al. 199 1). Over 4,000 U.S. servicemen assisted in the
cleanup effort and six lives were lost in accidents. In
May, the Enewctak people returned to their atoll.

In the fall, DOE issued the “Meaning of Radiation at
Bikini Atoll” (DOE 1982a). The report stated that the
Bikini people would bc within U.S. radiation standards if
they returned to Eneu Island. that they atc no more than
50% locally grown food and spent no more than 1070 of
their time on Bikini Island. (In the 2 y following, 14
petitions on behalf of approximately 5.()()() Marshallese
were filed in U.S. Court of Claims. The alleged damages
in these suits totaled $5.75 billion. )

J~Ily 19’)7, VIJIUITIC73, Nunlhcr I

BNL published a reconstruction of chronic dose equiv-
alent to Rongelap and Utrik residents for the years 1954
through 1980 (Lessard ct al. 1980). Doses were relatively
high for Utrik residents because the Rongclapcse had been
relocated from their titoll following the BRAVO test until
late June of 1957. Estimated doses to adults were ().17 Sv
(17 rem) and 0.039 Sv (3.9 rem) to whole-body (Rongelap
and Utrik, respectively), ().16 Sv (16 rem) and O.(M5 Sv (4.5
rem) to thyroid (Rongelap and Utrik, respectively), ().23 Sv
(23 relm) and O.(M9 Sv (4.9 rem) to red hone marrow
(Rongclap and Utrik, respectively).

1981
Following the Enewctak cleanup, I()() Encwetak

people returned to Ujeiang from Enewetak because of
insufficient locally grown food.

Calculations were performed for DNA (Gminder
198 I ) to estimate the radiation dose to a representative
individual on Kwajalein Atoll from I May to 18 Sep-
tember 1948 during the rainout of radioactive fallout
from Shot YOKE of Operation SANDSTONE. The
external exposure (maximum value, no building shield-
ing) was estimated to have been 7.7 mSv (770 mrem).

Findings of the EG&G actial survey were released in a
report (Tipton and Mcibuam 198 I ) that gave exposure-rate
values and estimated soil concentrations of selected fission
products on 1I atolls and two separate reef islands.

1982
The U.S. Congress created a $20 million Rescttlc-

mcnt Trust Fund to be used for upgrading and improving
living conditions for the Bikini people on Kili Island.

Congress created the Bikini Atoll Rehabilitation
Committee (BARC) to investigate the feasibility and
costs of rchabitating Bikini. The committee was chaired
by Dr. Henry Kohn,

LLNL updated its dose assessment for Bikini
(Robison ct al. 1982b) and published the results of the
ground sampling from the 1978 survey of the northern
Marshall Islands (Robison et al. 1982a).

The Department of Energy issued a bilingual report
(English/Marshallese) in 1982 (DOE 1982b) explaining
the meaning of radiation and giving information on the
radiological conditions on the northern atolls as obtained
by the 1978 aerial survey, For the first time in this report,
Marshallese were given information that showed that
islands of northern Rongelap Atoll were as contaminated
as Bikini Island.

The 28-y follow-up medical report from Brook-
haven National Laboratory (Adams ct al. 1982) con-
firmed two additional individuals itl-[~t~’r~~on Utrik at the
time of the BRAVO fallout. The report also listed the
previous 64 BNL publications concerning follow-up of
exposed Marsha llcsc. Updated dose assessments for the
Marshallcse known to htivc been exposed to BRAVO
fallout were also provided in an appendix.

1983
In May, the Bikini people filed a class action suit

against the executive branch of the U.S. Government
seeking compensation for damages to Bikini.
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The DOE Marshall Islands dose assessment pro-
grams were transferred from Emergency Preparedness to
Defense Programs within the DOE.

The Compact of Free Association was approved by
the electorate of the Marshall Islands.

The Rongelap community decided that, due to the
startling evidence of contamination of their atoll brought
to light in DOE ( 1982b). they must abandon their atoll
(King 1986) and began to solicit internationally for
evacuation assistance.

1984
In February, L1.NL published results of calculations

(Hicks 1984) for a limited number of Marshall Islands
tests giving the relationship between external gamma
exposure rates for local fallout and the related radionu -
clide composition.

[n November, BARC submitted its first report to
Congress stating that Bikini Island may be resettled if no
locally grown food or ground water is consumed for 80 y.
The Bikini council rejected that option.

The Bikinians, disappointed with the Compact of
Free Association, an agreement under negotiation be-
tween the U.S. and the Marshall Islands, brought a suit in
U.S. Federal Court in Honolulu to attempt to force the
U.S. to conduct a cleanup and to hastily resettle the
Bikini people to their atoll.

1985
The lawsuit of the Bikinians was settled on March

15 with the U.S. agreeing to conduct a cleanup upon
completion of the findings of BARC.

In May, 327 Rongelap people went into self-
imposed exile as a result of their fear of the radioactive
contamination of Rongelap brought to light by the 1982b
DOE re ort of the northern Marshall Islands radiological
survey.’g After an international plea for evacuation as-
sistance that lasted several years, the Rongelapese left
Rongelap Atoll for Mejatto Island (Kwajalein Atoll) with
the assistance of the Greenpeace organization. Taking
four trips of the RC~i/~l~{~}l)W~/rrior (King 1986) to move
the community and their belongings, tbe Rongelap peo-
ple settled on Mejatto.##

Lessard et al. ( 1985) reported results of calculations
to estimate acute thyroid exposure to residents of
Rongelap, Ailinginae, and Utrik Atolls from the BRAVO
test. They concluded that ingestion was the main route of
internal exposure. Whole body exposure was estimated at
Rongelap to be about 1.75 Sv ( 175 rem). Thyroid doses
(internal dose + external exposure) at Rongelap from

BRAVO were estimated for the age categories of adu]t, 9
y, 1 y. newborn and i~~~~t[’r<~:12 Sv ( 1200 rem). 22 Sv
(2200 rem), 52 Sv (5200 rem), 44 Sv (4400 rem) and 8.7
Sv (870 rem), respectively. Maximum estitnates were
about 4X greater. Dose estimates at Ailinginae and Utrik
were about 30Yc and 15Yc, respectively, of the Rongelap
estimates.

The Compact of Free Association (COFA) was
passed by the U.S. Congress (as part of P.L. 99-239) and
enacted a $150 million compensation program to the
Marshall Islands. Under Section 177 of the COFA, the
people of Bikini, Enewetak, Rongelap, and Utrik were
awarded $75 tnilliort, $48.75 million, $37.5 million, and
$22.5 million, respectively, to bc paid in quarterly
install tncnts over a 15-y period. The COFA also made
available $3 million to conduct medical surveillance and
radiological monitoring.

In September, the Defense Nuclear Agency (DNA)
issued an extracted version (DNA 1954a. b) of the JTF7
Final Report on Radiological Safety written in 1954.

1986
In January, President Reagan signed P.L. 99-239,

which enacted the Compact of Free Association (COFA);
it became effective in October.

A report (Klemm et al. 1986) was issued by Science
Applications International Corporation for the DNA on
the analysis of radiation exposure to service personnel on
Rongerik Atoll at the time of shot BRAVO. External
doses for the first and second evacuation group were
estimated at 0.33 Sv (33 rem) and ().38 Sv (38 rem) to
().43 Sv (43 rem), respectively. Internal doses varied by
organ: representative estimates were 2.3 Sv (230 rem) to
the thyroid, 1.15 Sv ( I 15 rcm) to lower large intestinal
wall, ().85 Sv (85 rem) to upper large intestinal wall, and
().4 Sv (40 rem) to ().5 Sv (50 rem) to other organs
(Klemm et al. 1986; Goctz et al. 1987).

1987
In August, the Republic of the Marshall Islands

(RM1) contracted Dr. Henry Kohn, previous chairman of
BARC, to chair a review of the 1982 DOE report on tbe
findings of the 1978 radiological survey of the northern
Marshall Islands. The purpose of the review was “to
determine whether or not DOE’s 1982 Report proved
that the Rongelap Island is siife for habitation” (Kohn
1989a, b). The Rongelap Reassessment Project was
formed as a result, and a panel of consultants was
selected to provide expertise on various scientific and
technical issues.

Also in August, Hamilton et al. ( 1987) published
results of a thyroid screening progratn conducted during
the previous 4 y in the RMI. This paper concluded that
there is an excess of thyroid nodular disease in the
southern Marshall Islands as well as the northern atolls,
with the prevalence decreasing with increasing distance
frotn Bikini. The paper hypothesized that radioactive
contamination from the nuclear tests in the Marshall
Islands was more widespread than previously known.
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In July, LLNL published a dose assessment for
Enjebi Island (Enewetak) (Robison et al. 1987). The
average whole-body effective dose-equivalent was esti-
mated as 1.69 mSv y– 1 ( 169 mrem y ‘) in 1990.

In November. the U.S. Claims Courts dismissed
several billion dollars of suits filed in 1980, contending
that the COFA withdrew the consent of the U.S. to be
sued for claims arising from the atomic weapons testing
program in the Marshall Islands.

The Nuclear Claims Tribunal Act was enacted in the
RMI creating a judicial body for administering the compen-
sation funds made available by the COFA (RM1 1987).

The first compensation payments were made in
1987 to the people of Bikini, Enewetak, Rongelap and
Utrik as outlined in Section 177 of the COFA.

1988
In June, the Mayor and Senator of Ron.gelap wrote

to the Chairman of the Rongelap Reassessment Project
stating that it was to their understanding that their study
was now controlled by the Department of Energy, and
that information concerning contamination und health of
Rongelapese was being withheld.

In July, the Rongeiap Reassessment Project (Kohn
1988) issued a report stating that Rongelap Island is safe
for habitation provided that the diet is equivalent to that
formerly used. Among other conclusions stated in the
abstract were the following: “the dose to infants and
small children is another potential cause of concern. . “
and “In the course of planning for Atoll resettlement, the
fact that Rongelap Island appears safe for resettlement
now should not be lost site of.” Kohn addressed the
concerns of the Mayor and Senator as a number of
misunderstandings.

In December, the U.S. Courts of Appeals sustained the
Claims Courts decision to dismiss Marshallese lawsuits.

The final BARC report was issued, suggesting
potassium treatment of the soil to be an effective miti-
gation technique to prevent the uptake of 1~7Cs into food
crops and estimating costs of $66 to $100 million for
rehabilitation of Bikini and Eneu Islands.

The U.S. Congress appropriated $90 million to be
paid during 1988 through 1992 to the Bikini Resettle-
ment Trust Fund so that a radiological cleanup of Bikini
and Eneu Islands could be conducted.

1989
In February, the Nuclear Claims Tribunal and the

RM1 Government solicited internationally for indepen-
dent scientific advisors and a resident scientist to direct a
nationwide monitoring program which would use funds
from Section 177 of the COFA.

The Rongelap Reassessment Project issued its 2nd
report in March (Kohn 1989a). In April, a $6.6 M “Phase
2“ study of Rongelap was proposed from a U.S. engi-
neering firm (P&D 1989) including testing the plutonium
mining cleanup technology developed by the DNA for
Johnston Atoll (Bramlitt 1988). The project was not
funded by Congress.
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Also in April, the Department of Energy issued
a summary of information in the Marshallese language
concerning Enjebi island (Enewetak Atoll) (DOE 1989).
The report recommended that future Enjebi inhabitants
maintain a source of imported foods to prevent individual
exposures from exceeding 1.7 mSv y‘- [ ( 170 mrem y 1).

LLNL published an analysis of doses received by
adults as compared to children in the northern Marshall
Islands (Robison and Phillips 1989). The report con-
cluded that adult estimates could be treated as conserva-
tive estimates for children.

A detailed survey of soils found in the Marshall
Islands was issued (USDA 1989) by the U.S. Department
of Agriculture to assist the Marshall Islands in agronomy,
construction and conservation.

The Marshall Islands Government recruited a resi-
dent scientist in October (S. L. Simon) to direct the first
nationwide radiological monitoring program of the Mar-
shall Islands. As part of that initiative, a five-member
Scientific Advisory Panel was appointed without any
American participation.

In November, Senator Jeton Anjain of Rongelap
testified to the House Appropriations Committee that the
independent study of Rongelap promised in P.L. 99-239
should be initiated as soon as possible. In December,
Senator Anjain testified before the DOE Secretarial
Pane] for the Evaluation of Epiderniological Research
Activities (SPEERA) that the DOE Defense Programs
could not be objective in the management of the Marshall
Islands dose assessment programs.

1990
A revised edition of the report of the Rongelap

Reassessment Project was issued in March (Kohn 1989b)
following Congressional hearings in November 1989 and
May 1990.

In March, the Secretary of Energy directed the
consolidation of medical surveillance, epidemiology, and
other health matters into the new office of Environmental
Safety and Health. Marshall Islands programs were
transferred from Weapons to the new division.

The Rongelapese representatives continued to lobby
Congress for an independent evaluation of the radiolog-
ical conditions of Rongelap.

1991
The Marshall Islands Nationwide Radiological

Study, a study supported by the Marshall Islands Gov-
ernment, finished the construction of a dedicated radio-
logical laboratory in Majuro (capital city of the Marshall
Islands) for the purpose of supporting their monitoring
program.

The first individual claims were paid to Marshallese
by the Nuclear Claims Tribunal under the process en-
acted by the COFA.

A report was issued by the U.S. National Parks
Service (Delgado et al. 1991 ) describing the unique
tircheologica] artifacts in the lagoon of Bikini Atoll: ships
sunk by Operation CROSSROADS in 1946.



1992
In February, u four-way Memorandum of Under-

standing was signed between the DOE, DOI, RMI
Government. and Rongelap Local Government. Though
the document provided few binding responsibilities, it
called for two independent studies (by Rongelap and
DOE) to determine ( 1) if the m~ximally exposed person
while living on Rongelap Island tind e~ting only locally
produced food would exceed 1 mSv y , and (2) whether
soil concentrations of transuranics on Rongelap Island
exceeded a 7.4 X 10s Bq n“ c (0.2 pCi m ‘~) guideline
of the EPA (EPA 1990a, b). Compliance with both condi-
tions would imply that resettlement could begin without
consideration for mitigative actions (see Simon et al. 1997).

The Rongelap Resettlement Project came into being
with the signing of the four-way MOU and the appropri-
ation of $1.6 million from DOI. The project fulfilled the
independent assessment promised under P.L. 99-239.
The project was administered by the Rongelap Local
Government, and oversight was provided by a six-person
panel representing five countries. Scientific investigation
was contracted to a Scientific Management Team (K. F.
Baverstock, B. Franke, S. L. Simon) appointed by
Rongeiap leaders.

Gessell and Walker ( 1992) published findings on
soils and plants of the Northern Marshall Islands from
studies conducted by the authors from 1958 to 1964.

S. L. Simon requested through the Ministry of
Foreign Affairs of the Republic of the Marshall Islands
data on the explosive yields on the nuclear tests con-
ducted at Bikini and Enewetak. Prior to that date,
explosive yields for 45 of 66 tests were still classified.

1993
Late in 1993, the U.S. Secretary of Energy released

the explosive yields of the tests conducted in the Mar-
shall Islands to the RMI Government and the U.S. public
as part of an “Openness Initiative” (DOE 1993).

The Marshall islands Nationwide Radiological
Study began the first phase of a thyroid disease screening
program intended tore-examine the findings and hypoth-
esis of Hamilton et al. ( 1987). During 1993, thyroid
examinations were provided to 1,367 Marshallese who
live on Kwajalein Atoll (Takahashi et al. 1997).

1994
On 24 February, the House of Representatives

Subcommittee on Oversight and Investigations of the
Committee on Natural Resources held a hearing on
“Radiation Exposure From Nuclear Tests in the Pacific”
with an emphasis to disclose the circumstances leading to
the exposure of Marshallese from the BRAVO test.
Written and oral testimony (Congress 1994) was pro-
vided by a number of witnesses including M. Eisenbud,
S. L. Simon, T. Hamilton, E. Radford and numerous
Marsha\\ese delega[es. Few conclusions were reached as
a result of the hearing though it was a landmark as it was
the first public heoring on the BRAVO incident,

In April, the Scientific Management Team of the
RRP issued an Executive Summary of its findings (SMT
1994) and on May 5 presented it to the House Appropri-

ations Committee. A slightly revised version was issued
in November. The findings of the RRP included that the
cornplidnce limit of I mSv y i would likely be exceeded
by 25% to 75% of the population, depending on dictory
assumptions. The compliance limit for transuranic con-
centr~tion in soil was found to be only exceeded by about
1% of the samples, thus it was not seen as an impediment
to resettlement. Recommendations were made to mini-
mize the contribution of 1~’Cs to the diet so as to reduce
the expected dose and enable d resettlement of Rongelap
Island to take place.

In mid-year, the Marshall Islands Government be-
gan serious consideration of a proposal talked about for
numerous years—commercial storage of high-level nu-
clear waste. Reporting of their interest appeared in
various Pacific press (e.g., Davis 1994), and strong
opposition was voiced by Greenpeace and many of the
South Pacific nations (North 1994). Bikini was the main
site of consideration for the storage although Bikini
Local Government were affronted with the passage of a
bill by the Marshall Islands Nitijel~ (Legislature) that the
President of the Marshall Islands und other traditional
chiefs would receive a third of any income Bikini derived
from nuclear storage (North 1994),

In December, the Marshall Islands Nationwide Ra-
diological Study issued its summary report to the Cabinet
of the Government of the Republic of the Marshall
Islands on the radiological conditions of all the atolls
(Simon and Graham 1994). Endorsement of the report by
the Scientific Advisory Panel was provided in a letter to the
Cabinet and in u forma] resentation to the Cabinet. Find-
ings showed that soil ,.3$,Cs was elevated above the value
expected in the mid-Pacific at atolls further north than 9°
(see Simon and Graham 1997); measurements confirmed
minimal amounts of fallout contamination as far south as
Kwaja]ein Atoll though on] y four atolls (Enewetak, Bikini,
Rongerik and Ailinginae) had islands where habitation
might result in doses in 1995 in excess of I mSv y 1.

The National Academy of Sciences, National Re-
search Council (NRC 1994) issued its report evaluating
the DOE Marshall Islands programs with emphasis given
to an assessment of Rongelap. The environmental mea-
surement programs of DOE through LLNL were found to
be crcdiblc although some recommendations were given
to improve the assessment for a returning population to
Rongelap. The estimated doses by NRC were nearly
identical to those produced by the Ronge]ap Resettle-
ment Project (i. e., SMT 1994; SMT 1995; also sce Simon
et al., 1997)

A ublication discussing the intake of natural z l(’Pb
1(P -and - Po from a seafood based diet (Noshkin et al.

1994) showed that the background radiation dose to
Marshallesc was comparable to that received in conti-
nental locations because the intake of seafood compen-
sated for the lower terrestrial exposure on the coral atolls.

The most comprehensive list to date of U.S. atomic
tests was issued by the Department of Energy (DOE 1994).

The Marshall Islands Nuclear Claims Tribunal re-
ported that, at the end of the year, $32,440,750 had been
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awarded to 830 individuals in compensation for damages
assumed to have been brought about by the nuclear
testing progr~m.

1995
The complete report of the RRP with technical

appendices of all scientific work uridcrtaken was issued
in May (SMT 1995).

The Marshall [shinds Nationwide Radiological
Study began the second phase of a thyroid disease
screening program intended to re-examine the findings
and hypothesis of Hamilton ( 1987). In this phase of
work, 5,265 Marshallese were examined who lived
mainly on Majuro Atoll.

The Marshall Islands Government continued solic-
iting for funding for feasibility sludies to store high level
nuclear waste on one of the titolls, and further opposition
was voiced in Pacific news media (e. g., Rashid 1995). In
March, the Bikini Local Government Council seriously
considered the option of storing high-level nuclear waste
on one of the islands of Bikini Atoll as a commercial
venture; after a 2-mo emotionally debilitating debate. the
Council decided against the idea (Ncidcnthal 1997).

The most recent report (sixteenth in a series) to
disseminate information concerning the 253 Marshallcse
exposed to BRAVO fallout was published by
Brookhaven National Laboratory (Howard et al. 1995).

In October, the Marshall Islands Nitijela (Parlia-
ment) passed Bill No. 15 I which rejected the findings of
the Nationwide Radiological Study which they had
financed, stating that the Republic had not ticcepted the
findings as valid or accurate.

In October, the Marshtill Islands Nitijela (Ptirliii-
ment) also passed Bill No. 232 which amended the
Marshall Islands Nuclear Claims Tribunal Act to extend
rights to compensation to any Marshallese who were
physically present (including i/t uterf)) at any time after
30 June 1946, or who is the biological child of a mother
who was physically present (including i~~~~t<rc~)in the
Marshall Islands any time after 30 June 1946. The law
states: “a casual relationship between a presumed medi-
cal condition and the United States Nuclear Testing
Program will be presumed, and the presumed medical
condition shall be treated equally in all respects, includ-
ing compensation” (Nitijela 1995).

President Clinton’s Advisory Committee on Human
Radiation Experiments (ACHRE) heurd testimony that
Marshallese had been purposefully exposed as “guinea
pigs”; the committee also reviewed historical documents
of studies conducted soon ufter the BRAVO exposure.
The ACHRE concluded that they found no evidence to
indicate that the exposures were motivated by research
purposes (ACHRE 1995).

SUMMARY AND CONCI.US1ON

This chronology illuminates a 50-y saga and several
important points. First. there is no doubt that unsuspect-
ing Marshtillese were irradiated as a consequence of the
nuclear testing program and that several communities
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were displaced without their full consent. Likewise, it is
indisputable that there has been land and crop damage.
land contamination, and some induction of radiogenic
disease. The extent of those dumages will always be a
matter of contention and disagreement.

The significance of the environmental tind social
consequences following the testing however, has been
fully appreciated by the international community of
scientists. The many monitoring and ecological studies,
medical programs. and compensation programs attest to
this. For example, seven tigencies of the United States
Government played major to minor roles ~t one time or
another in a effort to relmediate the damages to the
Marshall Isl+inds. These are named in the text. At least six
major U.S. Iabortitories and university organizations
have taken part in the evaluation of contamination, the
course of the exposures, establishment of doses, health
care. and logistic support. Several agencies and univer-
sities in Japan took part in the matter of the Ll((ky
/~r~/g~jtz,At least as many separate and distinct advisory
committees were formed as there were agencies involved
in the studies. Even so, each committee reported and
disbanded only to be replticed by u similar group with a
different composition and a slightly different charge.
Recoinmcndations have come and gone with still no
complete solution at hand. There have been at le~st four
formal surveys of environmental radioactivity levels tind
contamination of food and human beings, euch ttiking
several years to coinplete with two long term U.S.
sponsored programs still iil effect.

Over $300” million dollars has been awarded directly
to groups of Marshallese people to compensate them for
social and physical damages. Many inore millions htive
been spent in support of the many surveys, committees,
U.S. ilation~il laboratory prograins, the Marshall Islands
own radiological monitoring program. care of the ex-
posed individuals, and attempts to make the islands again
basically indubitable by cleailup and community rebuild-
ii~g. Yet, with all of this travail, the lives of numerous
M~rshallese are still affected today by the long since
completed atomic weapons testing program. In short, till
the displaced Marshallese are not home yet ~nd others who
arc not displaced continue to fear ill health, Many are still
unhappy for oile reason or another including the feeling that
they have been mode into “guinea pigs.” It is a tragic
dilemma for till concerned. Whether or not the future will
sec a complete solution is unclear. It is clear, however, the
whole episode can serve a ltirgcr purpose: The public hetilth
inust always be given primary consideration in light of what
we htive Icarned about widespread i-udioactive fallout. the
consequences of which can extend over inany decades.

It is hoped that this written history has served to
illuininate the record of scieilce JS well as the hiimtin
story. Neither is separate froin the other just as the lives
of Marshallese are not real Iy separate unymore from the
lives of Ainci-icans. The cold war brought the two
together in a way that inust be recognized and dealt with
fairly, regardless of the difficulties.



POSTSCRIPT

Certuin developments from 1995 to the present
(1997) tire worth noting.

Endorsement of the Nationwide Radiological Study
(NWRS) as well as interpretations of the scientific
findings of that study were given to the RM1 Government
in December 1994 by the Scientific Advisory Punel they
had sclectcd. The Summary Report (Simon and Graham
1994) of the Nationwide Radiological Study to the
Cabinet of the RMI included their letter of’ approval,
Some highlights of their letter are ~s follows.

“In 1989, you appointed us as members of the
Scientific Advisory Panel to the Nationwide Rtidiologi-
ca] Study. . .We have reviewed this report in detail and
we endorse it and commend it to you. . .We believe that
the current levels of radioactive contamination of the
territory of the Marshall Islands pose no risk of adverse
health effects to the present gene~dtion. Four fitolls have
been idcntitied where exposure rates arc elevated to the
extent that remediu] actions arc indicated for some islands.”

Additional support for the scientific findings and
interpretation of the Nationwide Radiological Study
came from two other sources: the Technical Oversight
Group of the Rongelap Resettlement Project (including
scientists from Germany, UK, New Zcahmd and Japan)
and the report of Natiomd Research Council (NRC
1995). The :issessmcnt for Rongelap made by the NWRS
was very close to that reported by the NRC.

Despite these various expressions of support for the
findings of the NWRS, the RMI Nitijelti (Parliament) in
its 16th session (August 1995) adopted Resolution No. 151
which rejected the findings of the r~diologica] study. Major
points of the lengthy resolution are summarized here.

.’ Whereas, the Nitijela has recently learned
thut tit Icast two members of the scientific advisory
panel were originally recommended to the Marshall
Islands in 1989 by a DOE scientist. .Whereas the
conclusions contained in the NWRS Summary Report
are based to u large extent on interpretation, evaluation
and adjustments of vurious factors by its authors;. .
Whereas, the Nitijelti strongly disagrees with the
conclusion of the Summary Report thot “radiation
illness is. . very rare, even umong Mtirshallese. . .“,
Recognizing that the Nationwide Radiological Study
does provide some practicul and useful information,
such ds an indication of which atolls are presently
dtingerous for humtin habitation. . .Be it resolved by
the people of the Republic of the Marshal ]slands,. . .
that the findings of the Nationwide Radiological Study
as contained in the Summary Report. . have not been
accepted by the Republic as vtilid or accurate. ”

In a written response to the Nitijela, the Scientific
Advisory Panel wrote: “. . .Thc scientists selected by
the RMI Government to form the Scientific Advisory
Panel are independent scientists chosen for their ex-
pertise in fields of health physics, radiation biology
and radiation genetics. . .Rejection of the study’s find-
ings and the Summary Report is therefore a rejection
of expert scientific knowledge on these matters. .The

Nationwide Radiological Study has provided the Gov-
ernment of the Republic of the Marshall Islands and
the Marshallese people with a comprehensive, soundly
btised survey of the radiological status of their islands.
It would be deplorable if through ignorance and prejudice
the results of the study were to be set aside. To do so would
be to demonstrate that the RMI Government htis no interest
in seeking truth on these matters.”

Nearly one year after the delivery of the Summary
Report, the RMI Government requested the interna-
tional Atomic Energy Agency (IAEA) to convene tin
international advisory group to review the radiological
conditions of Bikini Atoll. In response, the IAEA
appointed an advisory group that included scientists
from Australia, France, Japan, New Zealand, Russia,
UK, USA as well as from the WHO and IAEA. The
advisory group met in December 1995 and following
their review, they concluded: “ . .sevcr~l in-depth
studies on the radiological situation on and around the
former [Marshall Islands] test sites were made. The
US Government sponsored long term studies, and the
Marshtill Islands themselves financed u completely
independent nationwide survey. .This truly interna-
tional scientific panel came, for one thing, to the
conclusion that the existing data on the radiological
situation were certainly correct. The studies, carried
out independently of each other, had come to practi-
cally the same results.’’***

Despite these independent endorsements, the Niti-
jcla to date has made no changes in its stand with respect
to the findings of the NWRS.

In 1996, the people of Bikini memorialized 50 years
of exile from their homel~nd. A dedictited effort was
begun by the B]killi community [O rehabilitate their at[)[l

for community residence and a commercial dive opera-
tion was started to attract tourist trade income.

In September 1996, the Clinton Administration
announced a $45 million settlement with the Rongelap
community to enable a resettlement of their titolt; the
agreement provides for radiation mitigation and con-
struction of homes, schools and other infrastructure.

On 19 December 1996, President Amata Kabua
died. He was first elected president of the RMI and h~d
been in office since 1979.

The Marshall Islands Nuclear Claims Tribunal re-
ported that at the end of 1996, it had approved 1,297
compensation awards for personal injury claims. The
awards totaled $50.9 million, $5 million more than the
$45 million it is to receive for distribution from the
COFA. The Nuclear Claims Tribunal projected a liability
of $100 million in personal injury claims by the year
200”1 when the COFA expires (Johnson 1997).

In early 1997, the Enewcttik community filed a
claim with the Nuclear Claims Tribunal for close to $300”
million for losses on the use of their titoll since 1947
when they were relocated to make way for the nuclear
testing program (Johnson 1997).
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MONITORING DISTANT FALLOUT: THE ROLE OF THE

ATOMIC ENERGY COMMISSION HEALTH AND SAFETY
LABORATORY DURING THE PACIFIC TESTS, WITH SPECIAL

ATTENTION TO THE EVENTS FOLLOWING BRAVO

Merril Eisenbud*

Abstracf—The fallout from test BRAVO in March 1954 has
had scientific, political, and social implications that have
continued for more than 40 years. The test resulted in serious
injury to the people of the Marshall Islands and 23 men on a
nearby Japanese fishing boat. Prior to BRAVO there was
insufficient appreciation of the dangers of fallout to people
living downwind from surface or near-surfiace explosions of
megaton weapons. [n the absence of sufficient preplanning for
fallout monitoring beyond the test-sites of earlier smaller yield
tests, and as a result of the concern of the photographic film
manufacturers, the Atomic Energy Commission Health and
Safety t.abordtory, now the Department of Energy Environ-
mental Measurements Laboratory, was requested to develop a
program of Pdllout surveillance. Beginning with operation
IVY in 1952, these surveys included aerial monitoring of the
islands of the mid and western Pacific, as well as establishment
of fallout monitoring stations in the United States and abroad.
The first evidence of the post-BRAVO fallout was detected by
a Atomic Energy Commission Health and Safety Laboratory
instrument installed on the atoll of Rungerik, where 28 mili-
tary personnel were stationed. The results of radiation surveys
conducted immediately after BRAVO, as well as the reports of
medical investigations, radioecological studies, and dose recon-
struction that have been conducted by many Iabordtories over
the years have been available from the beginning in unclassi-
fied form. However, from the time of the fallout, and continu-
ing to the present, there have been many unanswered questions
about what happened during tbe hours immediately after the
fallout was reported. No formal investigation of the circum-
stances of the fallout was ever conducted, and there were
serious misrepresentations of the facts in the official state-
ments made at the time.
Health Phys. 73:21-27; 1997

Key words: Marshall Islands; atomic bomb; fallout; nuclear war

INTRODUCTION

Origin of the Health and Safety Laboratory
When the Atomic Energy Commission was formed

in 1947, operating responsibilities for procuring needed
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materials such as beryllium, uranium, and thorium was
assigned to the New York Operations Office (NYOO).
The plants that had produced these products during the
war years had many industrial hygiene, health physics,
and industrial safety problems that required attention, but
the facilities were relatively small, compared to the those
at Hanford, Oak Ridge, and Los Alamos, and could not
be expected to develop the in-house expertise with which
to deal with their health problems. The Commission
therefore established within NYOO a Medical Division
directed by Bernard Wolf, with a mandate to provide the
contr~ctors with the consulting and laboratory services
that would be required. 1 was hired to develop the special
laboratory and field capabilities that would be required.
When Wolf retired after two years. I was named Director.
The name of the unit was changed to the Health and
Safety Laboratory with the acronym HASL (Eisenbud
1994a). Thirty years later the name was changed agtiin, to
the Environmental Measurements Laboratory, by which
it is known to this day, almost fifty years after its formation.

The Iabora[ory was unique for the time, in that it
contuined all the specialties required to administer a
health and safety progrtim including physicians, indus-
trial hygienists, radiological safety specialists, instrument
designers, and sanitary and safety engineers. When it was
established, and for many years afterwards, it was the
only laboratory operated directly by the AEC and not
under contract with industry or universities. This was
done because the Commission wanted the laboratory to
be fully responsive to its immediate programmatic needs.

HASL would not have been involved in fallout
monitoring but for an unexpected development shortly
after the testing program began in January 1951. No
national system of radiation monitoring had been estab-
lished despite knowledge that after the first test explosion
at Alamogordo in July 1945, fallout many hundreds of
miles away caused damage to film produced by Eastman
Kodak Company (EK). Based on that experience (Webb
1949), the company had installed radiation monitors in
the air supplies for its production facilities. An increase
in r~dioactivity was detected at the Rochester plant
thirty-six hours after u test air burst in Nevada.

The AEC Division of Military Applications re-
quested that HASL investigate the report, and that was

~,
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the beginning of HASL’S involvement in the ftillout
studies of our nation’s nuclear weapons testing program
(Eisenbud 1990). It was Friday, it had been snowing
throughout the area and temperatures were well below
freezing. Wedecided toobtain snow samples to help us
determine the extent and the amount of fallout. We knew
many people to whom we could turn to help collect snow
in quart sized ice-cream containers for hand-delivery to
our laboratory in Manhattan. The HASL staff worked
around the clock to collect the equipment needed to
evaporate and beta-count the water samples. (There
would be better ways of doing it today!). In this way we
succeeded in demonstrating that surprising amounts of
fallout could occur over large areas thousands of miles
from a relatively small air burst. The incident attracted
attention, not only within the Commission, but among
the officials of EK who put AEC on notice that they
would hold it responsible for any damage caused by the
tests unless they were provided with information that
would make it possible for the industry to protect its
processes. HASL was requested by headquarters to do
whatever was necessary to learn about long-range lallout.
What I didn’t know until much later was that there were
intelligence organizations within the government that
were well equipped to monitor fallout and were, in F~ct,
doing it for other reasons. One advantage in our being
assigned to monitor overtly was that our work could be
unclassified. In all the time we were monitoring fallout
from the tests we had essentially no contact with the
“other monitors. ”

OPERATION JANGLE

By the spring of 1951, preparations were underway
for tests of two surface and underground devices in
Nevada (Operation JANGLE). Although relatively small,
the tests were expected to result in much higher levels of
fallout than the previous ones, which were exploded high
in the air or on towers. 1 was briefed on the plans for the
tests and learned that monitoring would be conducted
only within 320 km (200 miles) from the explosion. 1 was
of the opinion that intensive monitoring should extend to
800 km (500 miles), and HASL was accordingly as-
signed responsibility for the 200–500 mile (320–800
km) annulus around the test-site. HASL also decided to
develop a worldwide monitoring program that could at
least provide semi-quantitative information about where
and when fallout would occur. This led to deployment of
the gummed films that made it possible for the many
participating stations to mail a daily collection sheet to
HASL. It is now many years since the gummed film
collectors were used but the data we collected continue to
be useful in dose reconstruction efforts that have become
necessary in recent years (Beck et al. 1990). The moni-
toring plans for JANGLE included mobile monitoring
teams, staffed by military personnel assigned to HASL
for that purpose. The teams were equipped with aircraft
that transported the personnel to stations picked because
they lay across the expected path of the fallout, These
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teams measured airborne dust and gamma radiation, and
particulate deposition. The results of our monitoring
activities in the 320– 800 mile annulus confirmed our
concern about possible high levels of F~llout. Salt Lake
City, about 640 km away, received exceptionally high
levels of fallout from the small-yield Nevada tests. with
the dose through 1955 estimated at 1.60 mGy (Eisenbud
and Harley 1956).

My late colleague John Harley and I assembled the
data we were collecting into articles that were published
periodically in Science (e.g., Eisenbud tind Harley 1953,
1956). At that time there was little public interest in the
levels of fallout to which the public was being exposed,
and our reports received little attention in the media. The
media seemed more interested in the drama of the
Nevada tests themselves. Although the data we were
collecting could be published in the open literature. there
were many things about the tests that remained classified.
In advance of the tests this included the time of detona-
tion, much to the frustration of the media photographers.
However, the tests took place at about weekly interv~ls,
approximately at daybreak. Many of the reporters os-
signed to the test program would still be at the Las Vegas
gambling tables when members of the test organization
would come through the lobby in field clothes. That a
shot was imminent could no longer be kept a secret and
the reporters would leave for the various vantage points
atop hills from which they could see and photograph the
explosions. Classification rules were often puzzling to
me.

The results of the Jangle F~llout studies resulted in
HASL being drawn further into plans for Operation IVY
to be conducted in the Marshall Islands by Joint Task
Force 132 (JTF 132), beginning on I November 1952.
The HASL group continued to believe that tests with
yields equivalent to millions of tons of TNT had the
potential to produce dangerous levels of fallout at great
distances. It was a simple matter to scale the results of the
fractional kiloton Jangle tests to tests in the range of ten
megatons, but there was surprisingly little concern about
the subject. Some even said the blast would project the
debris into outer space from which it would not return. I
never understood the process of psychological denial that
led the weapons group to be so cavalier about the
potential danger from the many petabecquerals of fission
products and induced radionuclides that would be re-
leased by the test explosions. There was, however, at
least one noteworthy exception within the military orga-
nizations: LCL N.M. Lulegian, an Air Force meteorolo-
gist. We had had several conversations about the possi-
bility of lethal long-range fallout, and in November 1953
he wrote a meteorological analysis in which he con-
firmed that lethal levels of fallout could occur over an
area of 5,000 square miles ( 1,953 kmz) a few hours after
a 10 megaton thermonuclear explosion (Lulegian 1953).
A copy of his classified report, which essentially con-
tlrmed what we believed, was sent to me at the time but
a few days later was mysteriously ordered to be returned
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to the originating office. The report was not declassified
for more than forty years.

OPERATION IVY

By the summer of 1952, our gummed film network
had been extended worldwide, thanks to the cooperation
of the Air Weather Service and other government over-
seas organizations that cooperated by manning the sta-
tions. The U.S. Weather Bureau was particultirly helpful
in making these arrangements. However, we found little
interest on the part of the Task Force in monitoring
beyond the atoll of Eniwetak where Operation IVY was
to be conducted. However, the officers on the staff of the
Commander-in-Chief-Pacific (CINCPAC) learned of our
concerns through John Bugher, who had recently joined
the staff of the AEC Division of Biology and Medicine.
The Marshall Islands were then a United Nations Trust
Territory assigned to the United States for administra-
tion, and CINCPAC was responsible for the security of
the people of the Marshall Islands. CINCPAC took the
position that all atolls in the Marshall Islands and other
island groups should be monitored after each test. At
HASL, we too believed that the atolls should be sur-
veyed, but how could it be done’? By the early summer of
1952 we decided that it would be feasible to monitor each
island by low level (62 to 156 m) overflights, using a
HASL designed and built portable scintillation detector
(Cassidy 1954; Cassidy et al. 1957). The instrument had
a rapid response time and a 10 ~arithmic range from 2.5 X

F10-{) to 2.5 X 10-4 C kg (0.01 to 1,000 lmR h-l).
After several conferences it was decided that CINCPAC
would relieve JTF 132 of the burden of supporting our
mission, which would require a fleet of long-range
aircraft. Calibration of our monitoring system took place
first at the Nevada Test Site and later at Eniwetak where
there were many “hot spots” at the sites of previous tests
(U.S. AEC 1953). The system designed for IVY was the
first major use of aerial surveillance methods.

In addition to the aerial monitoring instruments, we
also designed and built one dozen continuously recording
gamma radiation monitors to be placed on key atolls.
These also had a logarithmic response and a range of
2.5 x ‘-<) to 2.5 X 10-5 C kg-’ (0.01 to 100 mR h “).
We reasoned that the land based monitors would help us
to vector the aerial sweeps. By early October we were
fully prepared and John Harley, Al Breslin, Mel Cassidy
and myself, till from HASL, proceeded to the Marshall
Islands. On the way, I stopped for another conference at
Pearl Harbor and was requested by the CINCPAC staff to
make every effort to survey all the Pacific island groups.
I promised to do our best but emphasized the importance
of giving the highest priority to the islands downwind of
the tests. We then moved to our base on Kwajalein where
we would be housed close to the aircr~ft assigned to us.
I made my headquarters on the U.S.S. Estes, a Command
and Control vessel that was the Task-Force flagship.
During the last days of October, the HASL staff contin-
ued to test our aerial survey instruments by flying over

the bomb craters of Eni wetok atoll. We confirmed that
we had stable and reproducible calibration factors to
relate the aerial measurements to measurements made on
the ground. An interesting feature of the “scintililogs,”
which was what we called the aerial survey instruments,
was that they employed two-channel tape recorders, one
for a frequency modulated radiation detection systcrn and
the other for voice-recording of our position.

At daybreak on 1 November 1952, MIKE, the first
multi-megaton thermonuclear explosion, took place. Our
plan called for me to leave the Estes by helicopter within
I h post-detonation, proceed to a task-force carrier, and
leave immediately from there for a 2-h flight to Kwaja-
Iein. Mel Cassidy and myself were scheduled to begin the
surveys at first-light the following morning using two
PBM’s, sturdy long-range tlying boats. We were each to
sweep about 1,000 miles in the downwind direction.
descending to about 60 m for surveillance of the low
coral islands. When we departed just before dawn the
radiation background on Kwajalein was about I() times
normal, indicating that a part of the cloud had passed our
way.

During my first flight I made measurements above
fifteen exquisite atolls with Polynesian names like Ta-
ongi, Utirik, Wotho, and Bikini, but there was no way to
avoid frequent squalls that interfered with our visibility
and made the flight uncomfortable. We repeatedly passed
through minor parts of the bomb-test cloud and particles
of radioactive dust would impact on the leading edges of
the aircraft, which caused an increase in the radiation
levels within the cabin. We soon found that most of the
particles would wash away when we flew through a
rain-squall. 1 recorded only minor elevations of the
r~diation levels on the atolls despite the fact that I had
chosen the sector that I thought would have the heaviest
fallout. After six days of searching for the MIKE fallout
we concluded that it had probably deposited in the vast
spaces between the atolls. CINCPAC was delighted with
the negative results. However, there would be other
multi megaton explosions in the Pacific and the good
fortune might not always prevail. Because the islands
were so small and so widely separated, we needed new
ways to study the intensity of fallout from such tests.

During the months after IVY there was much
speculation about the whereabouts of the MIKE debris.
There was very much less world-wide fallout than
expected, and we had found very little fallout in the
immediate downwind area of Eniwetak. Could the debris
have been blown into outer space’? It was F~r more likely
that the MIKE dust particles had been injected into the
stratosphere. If so, at what rate would the dust enter the
troposphere where it would mix rapidly and be readily
detectable before it deposited on the surface of the earth’?
At that time wc did not know the rates of exchange
between str~tospheric and tropospheric air.

One way to obtain information would be to sample
the stratospheric air at an altitude of at least 30,()()() m. I
favored sampling by electrostatic precipitation, ti method
that had long interested me. Our group had no experience
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with high altitude balloons, but the Weather Bureau came
to our assistance, as they frequently had done in the past.
Although it was already October 1953, and the first test
of the CASTLE series was scheduled for 1 March 1954.
we did succeed in designing and building an electrostatic
precipitator system and completing a series of about
twelve flights into the stratosphere at the desired altitude
(Holland 1959). We did identify 90Sr in the dust samples
we recovered but the samples were too few to permit an
inventory of the stratospheric radioactive dust burden.
However, that venture did lead HASL to later conduct a
more elaborate stratospheric sampling program that was
highly successful for many years (Feely 1960).

OPERATION CASTLE

Late in the Fall of 1953 I returned to Pearl Harbor to
discuss our participation in CASTLE, which would
involve tests of several multi megaton yield thermonu-
clear devices, beginning on I March 1954. This time the
tests would take place on the atoll of Bikini, where
Operation CROSSROADS, the first post-war series of
tests took place in 1946. I was warmly received by the
CINCPAC staff, who 1 knew were both pleased and
reassured by our work during IVY. We had developed a
symbiotic relationship with CINCPAC even though our
interests and objectives were very different. CINCPAC
had the obligation to assure that the inhabitants of the
Pacific Islands were safeguarded. The HASL objective
was to develop a better quantitative understanding of the
fallout phenomenon, the severity of which we believed
was being greatly underestimated by the AEC and the
Department Defense.

The HASL plan for CASTLE was to use the same
general methods developed for IVY except that the
ground instrumentation would be improved and would be
located on islands on which military weather stations
would be located. As before, a HASL representative
would be stationed aboard the Es[es to obtain the data
needed to plan the aerial sweeps. John Bugher, after
conversations with us, wrote to General Clarkson, the
Commander of the joint task force (JTF7) assembled to
conduct the tests, recommending that an evacuation
capability be provided for the atolls nearest the tests, but
he replied that this would not be necessary because they
would not fire any devices unless the safety of the islands
was assured. This proved to be a serious mistake.

At HASL we recognized that it was probable that
the fallout would again deposit on the vast expanses of
ocean water between the atolls. We conceived the idea of
laying slicks of oil that could catch and retain fallout long
enough to permit measurement from the air. We even
went so far as to use the Brookhaven reactor to irradiate
dust that could be dropped on the oil slicks in tests
undertaken by Al Breslin off the New Jersey coast. The
winter weather did not cooperate with us and we started
to transfer the tests to Pearl Harbor. This proved not to be
necessary because on 1 March 1954, shot BRAVO was
fired from a position at the northern end of Bikin; atoll
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and within a few hours there was no longer any doubt
about the fact that fallout from megaton weapons can
produce lethal or near-lethal levels of exposure at great
distances from an explosion.

About 6 h after the burst the Air Weather Service
personnel on Rongerik, an atoll about 160 km east of
Bikini. noticed that the recording gamma monitor had
pegged at its limit of 2.5 X 10-s C kg-] (100 mrem
h-1 ) The information was immediately sent to Al
Breslin the HASL representative aboard the Estes who
then passed the information to me at the New York
laboratory. The procedure we adopted, which had been
approved by both JTF 7 and CINCPAC called for
immediate aerial confirmation by aerial surveillance
using the aircraft assigned to our team. When Breslin
attempted to send the necessary instructions to Kwajalein
where the aircraft were based he was denied use of the
radio facilities aboard the Estes. This resulted in a
blackout of information for a critical period of time.
After 24 h, during which 1 received no additional
information, I called John Bugher at AEC headquarters
and learned that he had no knowledge of what had
transpired. I then flew to Washington to confer with him,
and by the time I arrived he had learned that there had
been some sort of fallout in the forward area but had no
details. On the Estes, confirmation of the high radiation
levels on Rongerik was obtained the following day
independently of Breslin. The 28 Air Weather Service
personnel were evacuated by air about 24 h after the
fallout occurred. They had received an external whole
body dose estimated to be 0.78 Gy.

More alarming was the fact that the surveillance
aircraft detected much higher radiation levels on the
populated atoll of Rongelap about 210 km west of Bikini.
An evacuation by boat was ordered and 258 people were
removed from the atoll about 50 h after the fallout
occurred. It was later estimated that 67 people on
Rongelap had received whole body doses of about 1.75
Sv. The thyroid doses among children less than 10 y old
averaged about 20 Sv (Lessard 1984). The thyroid dose
estimates must be regarded as uncertain because they
were based on radiochemical analysis of urine samples
that were not collected until at least 2 wk after exposure
(Conard 1992). Those were days before gamma spec-
trometry was available for radioiodine analysis and little
has been published about the chemical separations pro-
cedures used at the time. There could have been no
measurements of the short-lived radioiodines, since these
would have already decayed.

There were several more tests in the CASTLE
series, but these were uneventful. HASL completed the
assignment given it by CINCPAC and was able to
document the fallout on 40 atolls and Islands (Breslin
and Cassidy 1955). It was a surprise to many of those
associated with a 1994 Congressional hearing on
BRAVO that all the information developed by HASL
had been published in an unclassified report only a few
months after the tests were concluded (Committee on
Natural Resources 1994).



THE JAPANESE FISHING BOAT

Unknown at the time of the Bravo explosion was the
fact that a Japanese fishing boat, the Ft/kyrl/ Mi/rt/
(Lucky Dragon) was on its way to its home port of Yaizu
in Japan after being subjected to fallout about 180 km
East of Bikini. Unobserved by the precautionary sweeps
conducted by the Task Force before the test explosion, 23
men aboard the 100-ton vessel were fishing for tuna
when they saw the BRAVO flash. Fallout began to
deposit on the ship about 4 h later. The men knew they
were in proximity to the restricted zone announced by the
Task Force but there is no evidence that they were within
it. After encountering the fallout they decided to return
home, which they reached on 16 March. By that time the
men were showing signs of radiation sickness, but they
had no understanding of what was happening. During the
trip home they maintained radio silence which they later
explained was because the crew had been poaching in
Indonesian waters the year before and had been appre-
hended and jailed. They said they were afraid that if their
whereabouts became known they would once again be
arrested and detained. By the time they reached Yaizu all
were suffering from severe symptoms of acute radiation
sickness. The tuna they caught were found to be heavily
contaminated and were disposed of by land burial. Thus
began the first post World War II crisis between the U.S.
and Japan, known locally known as the Great Tuna
Panic.

At the Atomic Energy Commission the staff learned
about the Lucky Dragon in the same way as the rest of
the world—from the news broadcasts. John Morton, a
thoracic surgeon from the University of Rochester was
then Director of the Atom Bomb Casualty Commission
in Hiroshima (now the Radiation Effects Research Foun-
dation). He was instructed to assess the situation and
shortly afterwards placed a conference call to John
Bugher and myself in which he asked for help in dealing
with the radiological aspects of the problem. I left for
Tokyo immediately, totally unprepared for what I found
on arrival after 40 h (air travel was at that time quite a bit
slower than today). The Japanese nation was very angry
about the incident. They were the only people to have
been hurt by American atom bombs, first during the war
and now again. Many of the Japanese scientists were
making sensational statements to the media. No one in
Japan understood the technical implications of the event,
and it didn’t take long for me to realize that I had a
difficult educational mission ahead of me. Morton was in
an especially difficult position. He knew nothing about
radiation medicine but was invited to Japan because he
had developed a reputation as an effective scientific
administrator. He was in no position to answer the kinds
of questions that were being asked. How should the doses
to the fishermen be calculated? What radioactive sub-
stances were in the fallout? What was the allowable level
of radioactivity in tuna fish? How is radiation sickness
treated’?

The incident was the first major interruption in the
otherwise smooth relationships that had existed between

the U.S. and Japan since the end of World War Il. The
problem was made worse by statements made by some
Americans that the fishermen were spying, despite good
evidence to the contrary. The fishermen were very sick
and getting sicker by the day. Yet some Washington
officials made statements that minimized the effects.
Some U.S. officials wanted U.S. physicians to treat the
fishermen, but the Japanese physicians refused assistance
because they were offended by the suggestion that they
could not provide the men with the best of medical care.
It was certainly true that the Japanese had unique
experience with the acute radiation syndrome among the
people of Hiroshima and Ntigasaki. In this post-war
period the Japanese were offended by the suggestion that
they could not assume responsibility for the care of their
citizens.

The dispute between the Japanese physicians and
John Morton persisted for several days. The public
clamor increased. The Japanese Foreign Office estab-
lished a committee of physicians and scientists to deal
with the scientific aspects of the problem and requested
that Morton and myself deal only with them. This proved
to be a very wise move. I soon found that, despite the
problems that existed between the Japanese and Ameri-
can physicians, I was quickly developing rapport with the
physicists and chemists, most of whom were highly
qualified but had not had any association with U.S.
science since before the war.

I soon was able to define the three major problems
with which we were confronted:

1. The clinical management of the 23 fishermen. In my
opinion there was very little help to be offered. The
U.S. had no methods of treating radiation sickness
that were not already known to the Japanese;

2. Determining the dose received by the fishermen. This
included the dose delivered by external radiation
during the fourteen days on the contaminated ship and
the dose from absorbed internal emitters. The Japa-
nese scientists indicated that they were willing to
allow us to collaborate in estimating the internal
dosimetry; and

3. The concerns of the Japanese that the Pacific tuna
were becoming dangerously contaminated.

By the time of my arrival, the Japanese physicists had
already estimated the external radiation dose received by
the fishermen using pre-war electrometers that neverthe-
less gave quite reliable results in their expert hands.
However, they did not know how to calculate the dose
from the internal emitters. In 1954, even the composition
of bomb fallout was still secret, but by the time of my
arrival considerable progress had been made by Japanese
radiochemists in determining the principal radionuclides
present in the particles recovered from the fishing boat.
Much of this was done by Kenjiro Kimura, a distin-
guished chemist who had attracted attention after the
nuclear bombings of Japan by concluding correctly that
the Nagasaki bomb was built with plutonium because he
found traces of that element in soil samples obtained



from an area where rainout had occurred. In my first
meeting with him he told me that his radiochemical
analysis of the “Bikini ashes” led him to conclude, also
correctly, that BRAVO involved fast neutrons acting on
‘~XU. a fact that was classified at the time.

I had requested that urine samples be collected from
the fishermen and these were sent to HASL for unalysis.
Much to the surprise of all of us it was found that only
minimal amounts of ‘)(lSr was deposited in their bodies
even though they had spent 14 d living in such a highly
contaminated environment. Several months later one of
the fishermen died of serum hepatitis and Kimurti was
able to confirm our estimates of only minimal exposure
to internal emitters (Kimura 1956). The serum hepatitis
was believed to have resulted from infection in the course
of many blood transfusions. Thus, although the death did
not result directly from the effects of radiation, it cer-
tainly should be considered an indirect effect.

The Lucky Dr~gon incident had implications be-
yond concern about the health of the fishermen. When
reports of the incident were received in the U. S., The
Food and Drug Administration decided to monitor all
incoming tuna from Japan. This was a reasonable deci-
sion under the circumstances and would have created no
problems because there was no genera] contamination of
the Pacific tuna. However, in response to this the tuna
fish companies gave notice that they would not pay for
shipments of fish from the Japanese tuna tleet unless the
fish were certified as non-radioactive before they left
Japan. There was no mechanism for providing certifica-
tion at the time. Consumption of tuna in both Japan and
the U.S. dropped precipitously as a result of the extensive
publicity. The Japanese tuna fleet of 1,()()() vessels. with
an annual catch worth 26 million dollars, suffered griev-
ously as a result.

SOME UNANSWERED QUESTIONS

The events surrounding the BRAVO fallout remain
obscure in many respects. This is particularly true with
respect to many details at the time of the test, some of
which I have mentioned in this article. A more lengthy
account appears elsewhere in more detail (Eisenbud
1990). I am unaware of any officio] investigations of the
F~cts surrounding the Fdllout. Did an unexpected wind
shift occur, as has been commonly said, or was the
meteorological “window” that existed too narrow for
safety? Why wasn’t an evacuation capability provided
for the atolls most likely to be in the path of the fallout?
AEC had in Fact requested the task force to provide such
a capability. Why were Breslin’s communications with
Kwajalein and New York interrupted’?

Evacuations of the military personnel and the resi-
dents of Rongelap were not announced until ten days
after they took place and were stated to be “according to
plan as u precautionary measure” (U.S. AEC 1954a).
Since no mention was made of the severity of the fallout,
this was a clear understatement of the facts. No further
announcements were made until March 24 when it was
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announced that the restricted area around the testing area
was being expanded to provide greater assurance against
unauthorized entry into the restricted zone (U.S. AEC
1954b). The big shock to Morton and myself came on I
April, when we learned that President Eisenhower and
Admiral Strauss, AEC Chairman, had held a televised
news conference on the subject. It was said that the
fishermen “must have been well within the danger area,”
although there was no evidence that this was so (U.S.
AEC 1954c). By the time of the press conference the men
were suffering from severe beta burns of the skin, in
addition to the fact that their blood counts were st iII
dropping and their lives were in danger. At the 31 March
( 1 April in Japan) press conference and in the accompa-
nying public announcement it was said the “skin lesions
are believed to be due to the chemical activity of the
converted material in the cor~l rather than radioactivi-
ty. . . “ In other words, the burns were attributed to the
action of the calcium oxide produced by the intense
heating of coral in the fireball!

This last statement had a devastating effect on the
relationships Morton and 1 had developed with the
Japanese scientists and physicians. It was only natural
that they should assume we were the sources of these
statements. To the credit of Ambassador Allison who
was ctiptibly representing the U.S. during this difficult
period, he was angered by what was said in Washington.

Morton and I had ceased to be useful in Japan and
we left for Eniwetak to report on what we had learned
and to become informed about developments in the
Marshall Islands. Although I was bitter about the course
of recent events, I could take comfort in the fact that the
fallout was detected by an instrument that HASL be-
lieved was necessary for the safety of the Marshallese
people. If the instrument had not been installed, the
fallout might not have been detected for several days and
the radiation injuries to the servicemen and the people of
Rongelap would have been ti~r more severe. perhaps
fatal. And, had the evacuation capability recommend by
HASL been provided by the Task Force, the doses
received would have been greatly reduced. Moreover,
HASL had surveyed and recorded the radiation levels on
more than 100 atolls and islands after the IVY and
CASTLE tests.

One of the remaining mysteries of the BRAVO
affair was that no official inquiry was conducted. It was
not until 40 y later that I was requested to testify before
a congressional committee at the request of representa-
tives of the Republic of the Marshall Islands. When 1
reported that to my knowledge there had been no formal
inquiry of the circumstances of the BRAVO fallout. the
committee Chairman, Representative George Miller
stated “If the Navy runs a tugboat aground, we have a
board of inquiry !“ (Committee on Natural Resources
1994). That is in fact a poignant statement. Forty-two
years later. without the benefit of a timely inquiry,
when so many of the participants have passed from the
scene, and with memories becoming increasingly fal-
lible. a detailed explanation of what happened on the



morning of I March 1954 is likely to remain it gap in
history.
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Paper

A HISTORY OF THE PEOPLE OF BIKINI FOLLOWING

NUCLEAR WEAPONS TESTING IN THE MARSHALL ISLANDS:
WITH RECOLLECTIONS AND VIEWS OF ELDERS OF BIKINI

ATOLL

Jack Niedenthal*

Abstract—The people of Bikini Atoll were moved from their
homeland in 1946 to make way for the testing of 23 nuclear
weapons hy the United States government, beginning with the
world’s fourth atomic detonation. The subsequent half-
century exodus of the Bikini people included a 2-y stay on
Rongerik Atoll, where near starvation resulted, and a 6-mo
sojourn on Kwajalein Atoll, where they lived in tents beside a
runway used by the U.S. military. In 1948, they were finally
relocated to Kili, a small, isolated, 200-acre island owned by
the U.S. Trust Territory government. Numerous hardships
have been faced there, not the least of which was the loss of
SKIIISrequired for self-sustenance. Located 425 miles south of
Bikini, Kili Island is without a sheltered lagoon. Thus for six
months of the yenr, fishing and sailing become futile endeav-
ors. Because of the residual radioactive contamination from
the nuclear testing, the majority of the Bikinian population still
resides on Kili today. One attempt was made to resettle Bikini
in the late 1960’s when President Lyndon B. Johnson, on
recommendations from the Atomic Energy Commission, de-
clared Bikini Atoll safe for habitation. In 1978, however, it was
discovered by the U.S. Department of Energy that in the span
of only one year, some of the returned islanders were showing
a 7570 increase in their body burdens of ‘37CS. In 1978, the
people residing on Bikini were moved again, this time to a
small island in Majuro Atoll. In the early 1980’s, the Bikinians
filed a class action lawsuit against the U.S. government for
damages arising out of the nuclear testing program. Although
the claim was dismissed, eventually a $90 million trust fund
was established for their local government. Since then the
leaders of the people of Bikini residing on Kili Island and
Majuro Atoll have been confronted with the immense respon-
sibility of determining how to clean their atoll while at the
same time maintaining the health and welfare of their dis-
placed population. For the community and their leaders,
grappling with these technical decisions has created a life of
strife, debate and conflict-and an uncertain future. Now, a
radiological cleanup of Bikini is expected to begin sometime
within 1997. The objective of this paper, with the support of
the views and the recollections of elder Bikinians, is to recount
the history and discuss issues facing the first displaced people
of the nuclear age.
Health Phys. 73(1 ):28–36; 1997
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INTRODUCTION

BIKINI Is I atoll among the 29 atolls and 5 islands that
compose the Marshall Islands. These atolls of the Mar-
shalls zre scattered over 357,000 square miles of a lonely
part of the world located north of the equator in the
Pacific Ocean. They help define a geographic area
referred to as Micronesia.

Once the Marshalls were discovered by the outside
world, first by the Spanish in the 1600’s and then later by
the Germans. they were used primarily as a source for
producing copra oil from coconuts. The Bikini islanders
maintained no substantial contacts with these early visi-
tors because of Bikini Atoll’s remote location in the very
dry, northern Marshalls. The fertile atolls in the southern
Marshalls were attractive to the traders because they
could produce a much larger quantity of copra. This
isolation created for the Bikinians a well integrated
society bound together by close extended family associ-
ation and tradition, where the amount of land they owned
was a measure of their wealth.

In the early 1900’s, the Japanese began to administer
the Marshall Islands, and this domination later resulted in
a military build up in anticipation of World War 11.
Bikini and the rest of these peaceful, low lying coral
atolls in the Marshalls suddenly becanle strategic. The
islanders’ life of harmony drew to an abrupt close as the
Japanese prepared for the American invasion of Bikini.
The Japanese built and maintained a watchtower on
Bikini Island. Throughout the conflict the Bikini station
served as an outpost for the Japanese military headquar-
ters in the Marshall Islands, Kwajalein Atoll.

After the war, in December of 1945, President Harry
S. Truman issued a directive to Army and Navy officials
that joint testing of nuclear weapons would be necessary
“to determine the effect of atomic bombs on American
warships.” Bikini, because of its location away from
regular
nuclear
ment.
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In February of 1946, Commodore Ben H. Wyatt, the
military governor of the MarshalIs, traveled to Bikini
and, on a Sunday after church, assembled the Bikinians
to ask if they would be willing to leave their atoll
temporarily so that the United States could begin testing
atomic bombs for “the good of mankind and to end all
world wars.” King Juda, then the leader of the Bikinian
people, stood up after much confused and sorrowful
deliberation among his people, and announced, “If the
United States government and the scientists of the world
want to use our island and atoll for furthering develop-
ment, which with God’s blessing will result in kindness
and benefit to all mankind, my people will be pleased to
go elsewhere” (Mason 1954).

While the 167 Bikinians were preparing for their
exodus, preparations for the U.S. nuclear testing program
advanced rapidly. Some 242 naval ships, 156 aircraft,
25,()()0 radiation recording devices and the Navy’s S,400

experimental rats, goats, and pigs began to arrive for the
tests. Over 42.()()() U.S. military and civilian personnel
were involved in the testing program at Bikini (Shurcliff
1947).

The nuclear legacy of the Bikinians began in March
of 1946, when they were first removed from their islands
for the preparations of Operation Crossroads. The history
of the Bikini people from that day has been a story of the
struggle to understand scientific concepts outside of their
realm as well as to deal with day-to-day problems of
finding food, raising families, and maintaining their
culture amidst the progression of events set in motion by
the Cold War that were, for the most part, out of their
control. The objective of this paper, with the inclusion of
the recollections of elder Bikinians, is to recount the
history and discuss issues facing the first displaced
people of the nuclear age.

MOVEMENT OF THE BIKINI PEOPLE

In preparation for Operation Crossroads, the Bikin-
ians were sent 125 miles eastward across the ocean on a
U.S. Navy LST landing craft to Rongerik Atoll. Rongerik
Atoll was uninhabited because traditionally the Marshall-
ese people thought the islands were unlivable due to their
size (Rongerik is 1/6 the size of Bikini Atoll) and due to
an inadequate water and food supply. There was also a
deep rooted traditional belief that the atoll was inhabited
by evil spirits. The Administration left the Bikinians food
stores sufficient only for several weeks. The islanders
soon discovered that the coconut trees and other local
food crops produced very few fruits when compared to
the yield of the trees on Bikini. As the food supply on
Rongerik quickly ran out, the Bikinians began to suffer
from starvation and fish poisoning due to the lack of
edible fish in the lagoon. Within 2 mo after their arrival
they began to request that U.S. officials move them back
to Bikini (Mason 1948).

Emso Leviticus, a young woman at the time of the
exodus, recalls the transition from being under the

Japanese rule to the American takeover, to their journey
to Rongerik:’

How our lives began to change. I remember when we
women used [o wear clothes made out of woven pandantrs
leaves with our tops sometimes going btire until one doy the
J:lpanese brought us dresses to we:lr. I e~entually had about
fi(e dresses or so like most of the other girls and that seemed
to be plenty for us 10 we;lr. All the girls loved the change of
style, espcciully because the clothes felt comlortoble to us.
and so we were wearing dresses when the Americans finally
arrived on our islunds

We were elated when we discovered that the Americans
weren’t going to hurt us. in t’~ict,the N:Ivy mcn were very kind
and g:ive us big bins filled with till kinds of fond that wc had
never seen or eaten before like C-rations, chocolates. corned
beet’ and other wonderful things. They took some O! us to the
ship to get tnedical fittention. one wom~n named Tumar was
very sick, und when she returned, shc was till better again.
The Americans st:lyed tiwhilc and [ befriended onc of the
men, He often visited with mc ~md built ii cement water
ca(chmcnt for’ my house.

I can still rec:dl tbe d:ly when the more import:lnt looking
Americans came to ask us to move from our islands, All of
these new mcn were wearing bcautitul uniforms. After church
one day, they osked us to come together on Rosie’s and
Dretin’s land culled Loto. near Lokiar’s land, to have ii
comtnunily meeting.

We were all there—men, women tind children—and we
tried to listen carefully (o what they were asking our leaders.
All of the women becume surprised when wc found out th:lt
they were requesting that wc move to Rongerik Atoll or Ujae
Atoll. I remember thtit our leaders answered: It’ we htive to
leave, we would rather go to Rongerik bec~~usewe don’t want
to be under the leadership of :lnother king or ir~~~ on Ujae.

No one dissented in front of the Americans when they
asked us if we would be willing to go to unothcr island so (hey
could test their bombs, We had h~d a meeting beforehand. It
had been decided that wc woLIld all sttind behind JudLi when
he govc our answer to the man with the st:lrs on his bat imd
clothes.

We were a very close-knit group Of people back then. We
were like one big family. We loved euch other accordingly.
After we made the fimrl decision, no one made any problems
about it. We agreed to go along with whatever w~s decided by
our Ietiders.

Eventually, they sent a group of our mcn ahe:]d to begin
getting Rongcrik ready. and, in the rneantimc, we h:ld a
church service at the cemetery of our elders. We put tlowers
on their grtives and cleaned up the are~. I remember being
very sad at that time because of the strtinge feeling of having
to leave behind the bones of my ancestors while strangers
would be walking around on our iskmd.

We Ieti our island alter loading everything we owned
including our canoes, ~,urious kinds of food, bibles, dishes.
tools tind even some pieces of our church :Irrd Council house
We loaded it all onto one ot’ those big ships thfit open in the
front lNavy landing cu~ft], und then, after finding our places
on the ship, we waved good-by to our iskmds tind sailed to
Rongcrik.

Being:1 curious young girl. never having seen anything like
this before, I had fun on the ship. We finally arrived ;it
Rorrgerik Atoll, and :lfter wc unlofided all of our belongings

1 Persomll c(~]lllllutlic:iti{)n, Levi[icus, E. 1990



on(o the beacb, the Council immediately began to decide on
which families would live in the various houses (hat had been
prepared for us. We started dividing up tbe food thfi[ the N;ivy
mcn had given us, and we tried to Fdll b:ick into the daily
routines of our lives.

Routine was difficult now though because there were many
newsmen on Rongerik t~king pictures of us. I guess it was till
exciting in u way, bu( it was also a little sc:iry. Those people
who were looking at us were stmnge, The island itself Iookcd
so different from Bikini. It W;IS smaller, And, from the
beginning, we hfid retison to lack confidence in our abilities to
provide t’or our Iuture on that small plticc. We could only
remain hopeful and keep thinking that one dtiy soon we would
be returned to Bikini.

In July, the Bikinian leader, Juda, traveled with a
U.S. government delegation back to Bikini to view the
results of the second atom bomb test of Operation
Crossroads, code named Baker. Juda returned to
Rongerik and told his people that the island was still
intact, that the trees were still there, that Bikini looked
the same (Mason 1954).

The two atomic bomb blasts of Crossroads were
both about the size of the nuclear bomb dropped on
Nagasaki, Japan. Eighteen tons of cinematogr~phy
equipment and more than half of the world’s supply of
motion picture film was on hand to record the movement
of the Bikinians from their atoll and also the opening
minutes of each of the two explosions.

Later that year, from December of 1946 through
January of 1947, the food shortages worsened on
Rongerik and the Bikinians had to continue to struggle
with near starvation. During the same period of time, the
area of Micronesia was designated as a United Nations
Strategic Trust Territory (TT) to be administered by the
United States. Indeed, it was the only strategic trust ever
created by the United Nations. The trusteeship agreement
for the trust territory of the Pacific Islands, the U.S.
committed itself to the United Nations directive to
“promote the economic advancement and self-
sufficiency of the inhabitants, and to this end shall. . .
protect the inhabitants against the loss of their lands and
resources. . . (Trusteeship agreement 1947)” The Bikini
people have long seen the irony in the conduct of the TT
agreement that allowed the bombing of their homeland
and that forced them into starvation on Rongerik Atol 1.

In May of 1947, to make the Bikinians’ situation on
Rongerik even more serious, a huge fire damaged many
of the coconut trees, and by July, when a medical officer
from the U.S. visited the island, the Bikinian people were
found to be suffering severely from tnalnutrition. A team
of U.S. investigators determined in the fall, after a visit to
Rongerik, that the island had inadequate supplies of food
:ind water and that the Bikini people should be moved
from Rongerik without delay. The U.S. Navy was
harshly criticized in the world press for neglecting the
Bikini people on Rongerik. Harold Ickes, a reporter,
stated in his 1947 syndicated column Mclr? to McIl? that,
“The natives are actually and literally starving to death”
(Ickes 1947).
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Immediate preparations began for the transfer of the
Bikinians to Ujelang Atoll in the western MarshalIs. In
November, a handful of young Bikinian men went there,
and with the help of Navy Seabees, they began to arrange
a community area and to construct housing. At the end of
the year, however, the U.S. selected Enewetak Atoll as a
second nuclear weapons test site. The Navy then decided
that it would be easier to move the Enewetak people to
Ujelang despite the fact that the Bikinians had built all
the housing and held high hopes that they would be
moved there quickly.

In January of 1948, anthropologist Leonard Mason,
from the University of Hawaii, traveled to Rongerik at
the request of the Trust Territory High Commissioner to
report on the status of the Bikinians living there. Horri-
fied at the sight of the withering islanders, Mason
immediately requested a medical officer along with food
supplies to be flown in to Rongerik.

The torment and grief experienced during the two
years that the Bikini people spent suffering on Rongerik
Atoll has been best expressed by Lore Kessibuki, con-
sidered the poet laureate by the Bikinians. Rarely did the
bitterness of his people’s trials and tribulations show
through his smile and the sweetness of his personality.
However, whenever he was called upon by the media to
do an occasional brief review of the Bikinians exodus, he
always described the stay on Rongerik with an enormous
amount of remorse and hatred. The situation on those
islands was obviously a dreadful situation for the people.
But it was felt deeper by Lore, for he was one of the
leaders of a forgotten and starving community:t

While on Rongerik there were 01 course many problems for
us to deul with :1s letiders. But the crisis in purticu]ar thot
stands out in my mind, even today ufter the many years h:~ve
gone by, is the illness that many of us cfime down with as
st:irv:ition became prolonged and excruciatingly painful.

The first symptom was that we :dl suddenly h:td a very hard
time sleeping, When we would tlnally manage to doze for :]
short titne late tlt night, and afterwards, wake in the morning.
we would find ourselves feeling weak and dizzy and shock-
ingly unable to stand. We could see that the sun had :dready
risen tibove the trees. This gave us the urge to st:u-t working
for our families, I used to lay on my mat in tbe mornings just
wondering what was wrong with me until finally I would
manage to find the strength to get up and move around
enough to gel :Ldrink of water. It was then that we would be
confronted with the strangest of feelings. By simply touching
tbe water our limbs would be shot with p:Lin as it’ thnustinds
of needles were running up and down our hands and legs.
These sensati(ms, coupled with tbe awkwardness of adjusting
to our new found cnviromnent, left us feeling very perplexed.

I remember that sometimes 1 would htive no feeling in my
h~nds, and in uddition to this personal dilemtna, [ had tn
watch helplessly :Is we all became so very thin and sick. We
hi~dno meat on our legs and arms, und our muscles were worn
thin from the lack of activity,

In Rongerik you just shouldn’t eat the fish. The fish have
:1history of being poisoned by the food that they ate from the
reef—even though they were the exact same kind of fish that

i Personal communication, Kessibuki. L. 1987, 1988, 1990.1991.



we used to eat on Bikini. One reas(~n we knew that the islond
wus uninhabitable, even before we arrived (here, was because
our elders had ttiught us that Rmrgerik was inhabited by u
demun named Litubora.

Even through 011c}t’these hardships it was un[uthmnabie
that we still held high hopes that the Americans would help
us. Bikini is like a relati~c to us: like a father (~ra mother
or o sister or a brother. perhops must like a child cnnccived
from our own tlesh and blood. And then. (u us. that child wfis
gune. Buried and dead.

In tbe old days wc lived and worked together in harmony
and treated each other with a great ~mount ut’ respect. Thtit is
how we respect the Americans now. BUI back then we would
\>et Upsel with each other for believing in the Americ~ns anda
in the promises thut [hey made when they asked us tn move.
We would shout at cacb other that the prmniscs weren’t true
because surely this wasn’t “the best nt’ their ability ’’—as they
had promised-being shown t(>wfirds us. After all, it was
certainly clear that they had forgotten about us. Even as the
problems began [o nl{)unt, it was still extremely hard to let gu
nt’ the belief that the Americans would smncday come
through.

In March of 1948, after two unpleasant years on
Rongerik, the Bikinians were transported to Kwajalein
Atoll and housed there in tents on a strip of grass beside
the airport. The Bikinians fell into yet another debate
among themselves about alternative locations soon after
they settled on Kwajalein. Kilon Bauno, who while alive
was the ir{~~ of the Bikinians, and earlier in his life,
during the time of exodus, a councilman, gives his
firsthand account of life on Kwajulein and the decisions
that had to be tnade by the islanders, which include their
transition to Kili lsl~nd:s

We lived a strange life un Kwajalein. Frum day to day we
were frightened by all the airplanes that continuously landed
very close to c)ur homes, We were also frustrated by the small
anlc)unt (>f’space in which we were permitted tu move around.
We htid tu depend on the U.S. military fur everything. We
were always asking them to help us in unc way m’ another.
We were afraid nf this alien environment and almost from the
day we got there we began thinking about other places tu live.

We talked abou[ mnving to many places, like Wotho,” Lae
and Ujae Atolls But we encountered the same types of
prnblems with all of these islands. One major t’actm’was that
these islands already had people living on them and therefore
we thuttght that we would have s[]cial contlicts with the
inhabitants because they recognized the ir~~~jof those atolls,
We Bikinians did not. We were afraid that they w{~uldn’t let
us live by our uwn rules and so we began asking the
Americans tu find somcw)here else for us. Then, Dr. Mason
asked us about Kili Island. We debated among otrrsclves
abmrt where wc should go, Finally it came (o a vute. We
chose Kili by a large majority over Wotho” and Ujae as the
sight of our third temporary home.

They sent s~)nle Navy mcn along with some of us Bikinians
tu help se( up our communi(y there. I remember that time well
because we were S(Jtired of all this moving around, building
new communities and then having tn fidjust to new places—
always adjusting, adjusting, adjusting. Now, (mce again, we
had to start thinking of how t{] m(~vc all of our people to this
next island. It was terrible. We were s{)weory and exhausted,
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n(>t unly by the labur we were going through to get these
places ready. but also by these th{>ughts in nur minds: What
wtis happening to Bikini’? Hnw long would wc be in this new
place’? Sometimes we wouldn’t eot for ~n entire day because
of the cmnbination of hard work and all the worry that we
were experiencing. We were always fisking ourselves, What
are wc doing here’! What fire wc going to eat when wc get our
people to this new place’? How will (>ur lives be there’?
Questions like this were a great burden for tbe leaders at that
time.

So it was in June of 1948, that the Bikinians chose
Kili Island in the southern MarshalIs. This choice ulti-
mately doomed the Bikinians’ traditional diet and life-
style, both based on fishing.

In September of 1948, two dozen Bikinian men were
chosen from among themselves to accompany eight
Seabees to Kili in order to begin the clearing of land and
the construction of a housing area for the rest of the
people who remained on Kwajalein.

In November of 1948, after 6 mo on Kwajulein
Atoll, the 184 Bikinians set sail once again. This time the
destination was Kili Island, their third community relo-
cation in 2 y.

Starvation also troubled the Bikinians on Kili; this
situation lead the Trust Territory administration to donate
a 40-foot ship to be used for copra transportation between
Kili and Jaluit. Later, in 1951, the boat was washed into
the Kili reef by heavy surf and sunk while carrying a
full-load of copra. In the following years rough seas and
infrequent visits by the field trip ships caused food
supplies to run critically low many times on the island
and once even required an airdrop of emergency food
rations.

Later, in January of 1955, the Trust Territory ships
continued to have problems unloading food in the rough
seas around Kili, and the people once again suffered from
starvation. The following year the food shortage prob-
lems grew even worse. Consequently, the United States
decided to give the Bikinians a satellite community
located on public land on Jaluit Atoll, thirty miles to the
north. Three families moved to Jaltrit. During 1957, other
families rotated to Jaluit to take over the responsibilities
of producing copra for sale.

During this period the Bikinians signed an agree-
ment with the U.S. government turning over full use
rights to Bikini Atoll. According to the agreement, any
future claims by the Bikinians based on the usc of Bikini
by the government of the United States. or on the moving
of the Bikinian people from Bikini Atoll to Kili Island,
would have to be made against the Bikinian leaders and
not against the U.S government. In return for this
agreement, the Bikinians were given full use rights to
Kili and several islands in Jaluit Atoll which were Trust
Territory public lands. In addition, the agreetnent in-
cluded $25,()()() in cash and an additional $300,()()()” trust
fund which yielded a semi-annual interest payment of
approximately $5.()()() (about $15 per person a year). This
agreement was made by the Bikinians without the benefit
of legal representation (Juda et al. 1984).



Typhoon Lola struck Kili late in 1957, causing
extensive damage to crops and sinking the Bikinians’
supply ship. Shortly afterwards in 1958, Typhoon
Ophelia caused widespread destruction on Jaluit and all
the other southern atolls. The Bikinians living on Jaluit
moved back to Kili because the satellite community
became uninhabitable due to the typhoon damugc. The
Bikinians continued to fight the problems associated with
inadequate food supplies throughout 1960.

The difficulty in inhabiting Kili is due in part to the
small amount of food which can be grown there, but
more so because it has no lagoon. Kili differs substan-
tially from Bikini because it is only o single island of
one-third of a square mile in land area with no lagoon,
compared to the Bikinians’ homeland of 23 islands that
forms a calm lagoon and that has a land area of 3.4
square miles. Most of the year Kili is surrounded by I()
to 20 foot waves, which deny the islanders of the
opportunity to fish and sail their canoes. After a short
time on Kili—an island that some of the older people
believe was once an ancient burial ground for kings and
therefore overwrought with spiritual influence—they be-
gan to refer to it as a “prison. ” Because the island does
not produce enough local food for the Bikinians to eat.
the importation of USDA canned goods, and also food
bought with their supplemental income, has become an
absolute necessity for their survival.

Meanwhile, back on Bikini. on 1 March 1954, as
part of the Castle series, a 15 megaton hydrogen bomb
code named Bravo was detonated in the northwest corner
of the atoll. The explosion turned three islands into a fine
gritty mist, heavily irradiated Bikini Atoll and most of
the northern Marshalls—including the people still inhab-
iting those atolls—and left a hole in Bikini’s reef I mile
wide and 400” feet deep.

In 1967, U.S. government agencies began consider-
ing the possibility of returning the Bikinian people to
their homelands based on data on radiation levels on
Bikini Atoll from the U.S. scientific community. This
scientific optimism stemmed directly from an AEC study
(AEC 1969) that stated, “Well water could be used safely
by the natives upon their return to Bikini. It appears that
radioactivity in the drinking water may be ignored from
a radiological safety standpoint. . . The exposures of
radiation that would result from the repatriation of the
Bikini people do not offer a significant threat to their
health and safety.” Accordingly, in June of 1968, Presi-
dent Lyndon B. Johnson publicly promised the 54(I
Bikinians living on Kili and other islands that they would
now be able to return to their homeland. The President
also stated that “lt is our goal to assist the people of
Bikini to build, on these once desolated islands, a new
and model community.” He then ordered Bikini to be
resettled “with all possible disp;]tch” (New York Times
1968).

In August of 1969, an 8-y plan was prepared by the
U.S. government for the resettlement of Bikini Atoll in
order to give the crops planted on the islands a chance to
mature. The first section of the plan involved the clearing
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of the radioactive debris on Bikini Island. This segment
of the work was designed by the AEC and the U.S.
Department of Defense. Responsibility for the second
phase of the reclamation, which included the replanting
of the atoll, construction of a housing development, and
the relocation of the community, was assumed by the
Trust Territory government.

By late in the year of 1969. the first cleanup phase
was completed. The AEC, in an effort to assure the
islanders that their cleanup efforts were successful,
issued a statement that said: “There’s virtually no radia-
tion left and we can find no discernible effect on either
plant or animal life” (AEC 1969).

All that was theoretically left now in order for the
people to return was for the atoll to be rehabilitated, but
during the year of 197 I this effort proceeded slowly. The
second phase of the rehabilitation encountered serious
problems because the U.S. government withdrew their
military personnel and equipment. They also brought to
an end the weekly air service that had been operating
between Kwajalein Atoll tind Bikini Atoll (Mic. Supp.
Corn. 1984). The construction and agricultural projects
suffered because of the sporadic shipping schedules and
the lack of air service.

In late 1972, the planting of the coconut tre~s was
finally completed. During this period it was discovered
that as the coconut crabs grew older on Bikini Island they
ate their sloughed-off shells. Those shells contained high
levels of radioactivity, hence, the AEC announced that
the crabs were still radioactive and could be eaten only in
limited numbers. The conflicting information on the
radiological contamination of Bikini supplied by the
AEC caused the Bikinian Council to vote not to return to
Bikini at the time previously scheduled by American
officials. The Council. however, stated that it would not
prevent individuals from making independent decisions
to return.

Three Bikinian Families. their desire to return to
Bikini being great enough to outweigh the alleged
radiological dangers, moved back to Bikini Island and
into the newly constructed cement houses. They were
accompanied by approximately 50 Marsha llese workers
who were involved in the construction and maintenance
of the buildings.

The population of islanders on Bikini slowly in-
creased over the years until in June of 1975, during
regular monitoring of Bikini, radiological tests discov-
ered “higher levels of radiotictivity than originally
thought.” U.S. Department of Interior officials stated that
“Bikini appears to be hotter or questionable us to safety”
and an additional report pointed out that some water
wells on Bikini Island were also too contaminated with
radioactivity for drinking. A couple of months later the
AEC, on review of the scientists data, decided that the
local foods grown on Bikini Island, i.e., pundanus,
breadfruit and coconut crabs, were also too radioactive
for human consumption. During medical tests. urine
samples from the 1()() people then living on Bikini
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detected the presence of low levels of 2S9PU and 2qoPu.
Robert Conard of Brookhaven Laboratories commented
that these readings “are probably not radiologically
significant.”

In October of 1975, after the contemplation of these
new, terrifying and confusing reports on the radiological
condition of their atoll, the Bikinians filed a lawsuit in
U.S. federal court demanding that a complete scientific
survey of Bikini and the northern Marshalls be con-
ducted. The lawsuit stated that the U.S. had used highly
sophisticated and technical radiation detection equipment
at Enewetak Atoll, but had refused to employ it at Bikini.
The effect of the lawsuit was to convince the U.S. to
agree to conduct an aerial radiological survey of the
northern Marshalls in December of 1975. Unfortunately,
more than 3 y of bureaucratic squabbles between the U.S.
Departments of State, Interior and Energy over costs and
responsibility for the survey, delayed any action on its
implementation. The Bikinians, unaware of the severity
of the radiological danger, remained on their contami-
nated islands.

While waiting for the radiological survey to be
conducted, further discoveries of these radiological dan-
$jrs were made. In May of 1977, the level of radioactive

Sr In the well water on Bikini Island was found to
exceed the U.S. maximum allowed limits. A month later
a Department of Energy (DOE) document stated that
“All living patterns involving Bikini Island exceed Fed-
eral [radiation] guidelines for thirty year population
doses.” Later in the same year, a group of U.S. scientists,
while on Bikini, recorded an 1I -fold increase in the 1S7CS
body burdens of the more than 100 people residing on the
island. Alarmed by these numbers. the DOE told the
people living on Bikini to eat only one coconut per day
and began to ship in food for consumption.

In April of 1978, medical examinations performed
by U.S. physicians revealed radiation levels in many of
the now 139 people on Bikini to be well above the U.S.
maximum permissible level. The very next month U.S.
Interior Department officials described the 75% increase
in radioactive cesium as “incredible.” The Interior De-
partment then announced plans to move the people from
Bikini “within 75 to 90 days,” and so in September of
1978, Trust Territory officials arrived on Bikini to once
again evacuate the people who were living on the atoll.
An ironic footnote to the situation is that the long awaited
northern Marshalls radiological survey, forced by the
1975 lawsuit brought by the Bikinians against the U.S.
government, finally began only after the people were
again relocated from Bikini.

Pero Joel, a Bikinian elder involved in the aborted
move back to Bikini in the 1970’s, describes his experi-
ence of living on his traditional, though radioactive,
homeland for the first time in 25 years. Pero uses the
word all Marshallese people use for radiation: “poison.”
As a person often employed in the translation of the
Marshallese language, I believe this phenomena was a
result of amateurish tr~nslation attempts by Americans

trying to describe the dangerous attributes of radioactiv-
ity:”

Once I htid heard tha( the U.S. government was proclaitning
thtit Bikini wa~ safe and free from poison. I hcgun 10 have
overwhelming thoughts of joy. I irnmediti[ely began request-
ing that they send a ship to pick up me and my t’amily from
Rongelap. where we were living at the time, so thu( we, too.
could go to Bikini :md get involved in (he restoration The
ship finally did arrile and took us to Bikini where we began
living in a house on tbe sou(hern cnd of the island in a town
we called Lokwerkan, which the U.S. government had built
for us.

I worked on Eneu and Bikini planting crops, pulling weeds,
and, in general, refurbishing the islands. I felt so happy,
peaceful and proud, and why not’? It was our land, our islands,
and we were content to be there working and li~ing there. We
felt that we belonged on Bikini because it is the place that
God had given us.

During the cleanup, life on Bikini was not like these days
where wc worry about e~erything and find ourselves always
bickering with each other. The only problems we encountered
were due mainly to the fact that we had no reverend with us.
But we really didn’t have any worries un(il those scientists
started talking about the island being poisoned again. You
see, right before they began warning us about the coconuts.
pandunus and the crabs being unsafe, the ships had started
coming much more infrequently, and ~o we had to rely
heavily on our local food.

On Eneu we had gardens and on Bikini we drank coconuts
and ate pandanus all the time. 1 was one ot’ the people helping
to make those gardens. We were told in the beginning of our
stay on Bikini that it was safe to etit anything that wc wanted.
so we did. We had many kinds of foods, bananos and things
like that. The scientists would come and explain a little shout
tbe radiation. but we were always under the impression that
everything was safe and that we could go about our e~eryday
business and not worry. I used to ask them a lot of questions
like, “HOW deep into the soil did the poison go?” When they
would answer me they would say (hat it was tibout onc foot
deep into the ground, but that it wasn’t anything for us to
worry about.

Then the Americans started changing the rules on us.
Before they had said that we shouldn’( worry about the
poison. Then they started suying that they weren’t sure and
that we shouldn’t be drinking as many coconuts or eating
coconut crabs, nor anything else that lived off the land,
because maybe there was more poison in the soil than they
had originally thought. I didn’t understand this. It wfis it’ we
were being told two totally conflicting rules (hat we had (()
follow at the exact same time: You know, “Well. it is safe for
you people to live on Bikini, but there still is enough poison
on the island that you shouldn’t eat more than orrc coconut pcr
day. “ These statements confused us. Earlier they told us [o
eat what we want, and then they told us to go easy on the local
food, I couldn’t explain this even to myself, how wos I
supposed to make sense of it when I told these things to my
family when they began to ask rnc questions’?

Finally, the Americans and their scientists ctime back a few
years later saying that we had to leave Bikini. They said we
had ingested too much poison tind that it wasn’t safe to live on
Bikini anymore, We didn’t care at this point because we had
already started to get that hopeless feeling again; though
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because we tdl wanted to stay on Bikini we did expl<)re :dl
possibilities in an :ittcmpt to find a way nut of”this problem.
Wc kep( (hinking. the Amcric~ns first told us th:lt il W:ISsuf’e
to live here, Then they changed their minds find m:ide some
rules fur us to follow.” Now [hey :Ire telling us tn Ictive. Should
Wc go ‘?

We kept h:iving mcc[ings timong ourscl\es tha( would l~]st
from sunup until sundown. We were sn hcur(br{)kcn thut we
didn’t know wh:lt to do, But our iskmds were now tig:lin being
declared poison.” The Arncrictins were telling us thut wc had
to Ic:lve. We h:td to ii)llow what they were siiying because wc
re:dly fell th;it wc bad nn chnice. If’they s:ly it is not s:ile to
live there, wc hove tn go, even th[>ugh we h:ltcd departing
frnm the islands where wc had c(>tne tu know, pcuce :md quiet
for the first time in many years. We even :isked thctn if wc
could stay (m Eneu Isl:md und Yvcformulated a pkm Lun(mg
ourselves where we were going to (ry to Ii\e by (he airport,
but they stiid wc would have to w:lit until they knew more
;ibt~ut (he poisnn before wc could rem:lin finywhcrc (n] Bikini
Atoll. And s(] wc l’ollowed”their wishes bcc:lusc wc knew WC
shouldn’t go :Igtiinst what the Americans s:ly, Wc were sad,
but we didn’t want to make z]prublcm for the Americ~ns. If
they say rnnve, we m(>vc. The ship w:is in the I;[go(ln the
night bcf(]re our departure, While leaning (nl the r:liling of
the ship [ drifted b;]ck in my mind to when 1 was still on
Rongelap and first hc~rd they were going t(>:dlow us to return
to Bikini, 1 could ha\c sw:un the whole wfiy fr(]m Rnngcklp
to Bikini 1100”miles] I W:lS so happy. Now we were going
:Iw~Iyfrom our h(mlel:md dgu tn. “

Another member of the aborted return to Bikini was
Jukwa Jakeo, an outspoken elder who died in October of
1988. To get ready for a future cleanup of their atoll, a
delcgution of Bikinians went back to Bikini in April of
1987 to reestablish the traditional land boundaries that
run in a vertictil fashion across the island from the lagoon
to the ocean side. While on Bikini, Jukwa had this to stiy
about being back on his homeland for the first time since
the second exodus:’”

The thntrghts thut I have now, as I stand ag:lin un Bikini, :ire
very simil~lr to the th[)ughts [ had back when wc were moved
here in the 1970’s: Happiness. 1 h~ve :motber feeling. how-
ever. It enters my mind us 1 stand here. and it cnnfuscs me
very much. Th;lt is: Why did they mnve us nff nur islands
back then, telling us th~lt they w,crc pois[m, but we :Irc uble tn
return and visit here tod:ly’?

[ know we have crime here to try tn figure (>UIthe nld
bnund:lry lines th:tt divided our picccs of land. But when I
itop tn think ubout this task it is extremely difficult f{)r me
beC:lUSCI keep remembering all those cmltlicting statements
and ideas that hove been expressed ;Ibntrt Bikini (}ver the
years since we were sent aw:]y by the Americ:ms. Why :Lrcwc
\ctting b{)undaries [nl land th:]t has alre~dy been declared
unsafe?

The technic:d difficulties that we experienced in our
attempts to reest:lblish the boundaries stem from the F~ct thut
all the naturtil surroundings and markers thirt wc used to
delineate the land partitions :]re nnw g(mc. They were
dcslrnyed by [he U.S. gnverrnnen( and :dl of their utcmlic
b(mlb tes(ing. Today, when we draw, the Iincs. wc are using
estimations only, Wc are guessing, This imrbility tn be
;Iccuru(c>tntikcs it impossible for us tn mark the boundarie~ as
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they were before the testing period, Agc hus rt~bbcd me c)f’my
ubility t(>think. These other old men here ~irc simply m:]king
guesses. We are old men find {)ur bodies are now tired :md
sore from :111this work. WC h:lvc tirgucd with ~~ch ~)(her now
our thoughts ~lre :dl mixed up, We are su exhausted. The
difficulties make me f’ecl the huppiness of our return less. It
h:is been ii hmg time from 1946 until nnw. tnorc [him 40 y (Il:lt
some of us have been gnne frnm nur hmnckmd,

I w:mt now to speak about kmd and the reasc~n we
Murshallcse tretisurc it so highly. The Itind we sit on now as
we tulk is like gold. The ground that you walk un, frt>m time
to time and from d:~y tu day, 11(1mtit[er where you arc in the
Marshall Islands. is also Iikc g(~ld. If you were M:u-shullesc
tind you didn’t htivc :my l~mdyou would be c~)nsidered :] bum,
u drifter nr ii begg:~r. But if you were ~m (Jwncr of v:ist
amounts of kmd you would be considered :1 very rich an(f
wealthy mun, Land is the Marshallcse form {)f gold. T() all
Marshallese kmd is gold. If you were :m owner of kmd you
woLIkf be held up :]s a very important figure in our society,
Without land you w(~uld bc viewed :Is o pcrs(m of no
con<equencc. But Ifind here on Bikini is now poisnn land.
When I think nf th:lt :Is tt cmlscquence for my tiunily
members. it f’rustr~]tesme. I tipol(~gize to them bectluse 1d(~n’(
quite underst;md the depth of the situ:ttion here on Bikini. I
:im Jn uneduc:ltcd man. I am Marsh allese ;ind 1 c:m’t quite
understand or tell what is safe und what is unsafe here. I can
(rely hove f’ai(h in the U.S. gc)k,ernrnent. They h:ive the
rcspnnsibility for telling us wha( is g(]ud f’or us :md wh:it is
dangerous. But for myself’. my foresight and my km~wledgc
c(~nccrning these r~idiotion issues ends right here in f’r(nlt of”

my f~~e. AS I ~:~idthis m~)rnitlg to those newsmen: I ctin’t tcl]
if’these Americans who :Ire wnrking on this islund arc doing
o poor”job. or performing miracles of science, I am unedu-
cated in these matters. I :un unintelligent because I didn’t go
tu schuol to study radiation science, S(), I cun only hnpc that
the U.S. government will tell us the truth ;Ibout Bikini,
whether it is \:lfc for us tu Iivc here now or in the future,

REPARATIONS FOR DAMAGES

In 1978, after the people of Bikini were retnoved
from their atoll for a second time, the U.S. government
funded a $6 million trust fund titled The Hawaiian Trust
Fund for the People of Bikini (U.S. Public Law 94-34).
This trust fund currently produces $31,000.00 of income
pcr month, which is used as a per capita distribution
(approximately $14 per person per month). Because of a
devaluation in the bond market over the past several
years, and because expenditures were often tnore than the
revenue of the trust, the fund today is worth approxi -
mtitely $5.3 tnillion. Steps have been taken internally to
correct the downward trend of this fund. This trust fund
will exist until the year 2006.

In 1982, the people of Bikini received a second trust
fund from the U.S. government totaling $20 million,
titled The Resettletnent Trust Fund for the People of
Bikini (U.S. Public Law 97-257). This trust fund was
later supplemented (U.S. Public Law I()()-446) with $90
million in additional funds to provide for a cleanup of
Bikini and Eneu islands of Bikini Atoll. These funds are
also used for construction and resettlement activities for
Bikinians living on Kili Island and Majuro Atoll. The
usual fiscal year budget ranges from between $7 tnillion



and $10 million, These funds pay for local government
operations (Council employees, scholarships and a med-
ical plan for Bikinian students living and going to school
abroad, travel for meetings, attorneys fees, etc. ) The total
value of the fund as oi’ I March 1996 is approximately
$109 million.

in 1986, an agreement with the U.S. government.
the Compact of Free Association (COFA), becume ef-
fective. Section 177 of the COFA pledged repartitions for
damages to the Bikinians as WCII as to other northern
atolls in the Marsh~ll Islands. The damage payment to
Bikini is $75 million over 15 y to be paid at u rate of $5
million per year. During each year, $2.4 million is
distributed to the total population of Bikinians as a
quarterly per capita payment. $2.6 million of this $5
million goes into a trust titled The Bikini Claims Trust
Fund (U.S. Public Law 99-239). This trust fund also
provides our community with an annual distribution of
35% of the income over a fiscal year. As of 1 March
1996, the Bikini Cluims Trust Fund is worth approxi-
mately $32 million, While the quarterly payments end in
the year 2002, the trust fund shall exist in perpetuity and
shall continue to provide the Bikinians with an annual
percentage of the income from the trust.

Mayor Tomaki Juda. the current leader of the
Bikinian people and the youngest son of King Juda, had
this to say about the changes in their culture brought
about by the influx of money into their livcs:#

The American customs thfit we b:lve adopted h~lve ch~mged
some 01 [hc better Marshollese tfiutiiions ot days gone past.
Today we see. increasingly. that this WtiYOf life is ~teadilY
creeping— unc~)ntr(llled—i[lto our society: Our cooperiltive
traditions ;ire eroding. Now, cvcry(hing we do in our day to
dtly lives involves competition. 1[ you tire not educated, you
will be one of the poorest ot’ people; il you have ~icar, and
somebody wanth to use it, they h:lt’e to p:Ly rent bei’(~re[hey
can drive oft’ in it. This is the American way of Iile, :md now
we, (he Bikini:m people. fully understfind how it works.

We hii~e incorporiited many American cust(m~s :lrrd pr:(c-
tices into our own. Alter the negotiatiotls were t’in:ili/.cd
between the U.S. government :Ind the M:lrsh:d] lskulds, both
countries considered (his new rcltitionship to he onc ot’ tree
tis$oci:Ltion. This [id to [he U.S. h:]s t’ur[hcr brought to our
attention the Americun styles :md ~OyS ot’ life bcc:luse [he
tnoney th:it they gi~e us, and thfit we use daily. is the
Amcricun dollfir. We buy American goods, in ftict, most of
the produc(s sold in our s(ores come from America. Rice, tea,
coffee. flour sugar, Spun], cola. corned beef, automobiles,
VCR’S :md television, Our children grow up watching Amer-
ican movies This c:urses our children, increasingly, to adopt
the Arnericim vidue system and their customs as depicted on
film. This phcnomen:l gre:ltly disturbs some of our elders who
remember whtit our lives were like on Bikini. On the other
h:urd. the new technology milkes us more comtort:lb]e on this
tiny island.

THE FUTURE

The tasks now before Mayor Tomaki Juda, Senator
Henchi Bales, and the Bikini Council loom large. At the
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close 01 fiscal year 1995, all infrtistructure for the
cleanup of Bikini island was in place on Eneu island.
Ground breaking ceremonies on Bikini occurred in Feb-
ruary of 1997, just past the 5 Ist anniversary of the
peoples origintil relocation from their homeland. Options
fot- cleanup methods for the island of Bikini are currently
being discussed.

Since the early 1980’s, the leaders of the Bikinian
community have insisted that, because of what happened
in the 1970’s with the aborted return to their atoll, they
want the entire island of Bikini excavated to a depth of
about 15 inches. Scientists involved with the Bikinians
have stressed that while the excavation method would rid
the island of the 137CS, the removal of the topsoil would
do great damage to the environment. The Council,
however, feeling a responsibility toward their people,
had contended that a scrape of Bikini was the only way
to guarantee safe living conditions on their isltind for
their future generations.

One suggestion put forth by the scientists is that they
scrape only the living area, which is the lagoon side of
Bikini, and then use potassium fertilizer on the remaining
land areti. After tbe issuance by the IAEA Advisory
group in Decetnber of 1996 of its draft report, the
Council concluded that it would give “serious consider-
ation” to this option. Some islanders believe that if they
scrape the island in a patchwork fashion-as opposed to
an all out pancake-like excavation-the environmental
itnpact could be minimized as one section could be
refurbished and replanted before moving on to another.
With the excess soil that is removed from the island,
these Bikinians currently favor a plan to build a cause-
way between Bikini and Eneu islands. Another option
often discussed by the Council regarding the storage of
the contatninated soil involves shipping it to Nam island
on the northwestern edge of Bikini Atoll where the Bravo
crater is located. The soil would be stored on land.

In the long wait for their atoll to be radiologically
cleaned. a number of llighty ideas and projects have
surF~ced for the Council’s consideration, For example,
during the late 1980’s a number of companies expressed
interest in salvaging the ships and the copper cable that
rest on Bikini’s lagoon as a result of Operdtion Cross-
roads. None of these schctnes ever went forward due to
a host of economic and logistical reasons. In 1995, a
proposal for a nuclear waste storage project was intro-
duced to the Bikinians for their consideration. With the
talk of billions of dollars that might result from such an
commercial endeavor, it was not surprising that a number
ot’ Council members were interested in studying this
propo~al. In March of 1995 the Bikini Local Government
passed a Council resolution to research the idea of
nuclear storage on Bikini. Alter two months of very
emotional debate that weighed the immense profit poten-
tial of high-level nuclctir waste storage vs. the possible
damage that could be done to the atoll and the heavy
political fallout for the community that would undoubt-
edly come from the other Pacific nations, the Bikini
Council. in May 1995, passed a resolution stating that
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they were no longer interested in pursuing the idea of
nuclear storage for Bikini Atoll.

In early 1996, to provide an economic base for a
crossible future resettlement of Bikini Atoll and to suD-

~lement the income from their already existing trtr’st
funds, the Bikini Council signed an agreement with a
local business in Majuro to establish dive tourism on
Bikini. On the bottom of Bikini’s lagoon rests the
world’s only aircr~ft carrier available for diving, the
U.S.S. S(tr{~tc~g[t,as well as the N~~g{~t~~—Admiral
Yamamoto’s flagship from where he ordered the Japa-
nese Imperial Navy’s attack on Pearl Harbor at the
beginning of World War 11, along with seven other
capital ships that have been buoyed. In 1996, a number of
dive magazines proclaimed Bikini Atoll to be a world
class dive destination.

The Bikini leadership continues to lobby the U.S.
Congress for additional funding as the islanders maintain
that it is the obligation of the U.S. government to provide
for the cleanup of the entire atoll rather than just the two
main islands.

While maintaining the integrity and the corpus of
their trust funds, it has been the goal of the Council to
take care of their people—wherever they may be—and at
the same time to continue to move forward towards the

radiological cleanup, and ultimately, the resettlement of
Bikini Atoll. According to Kilon Bauno:**

I want my future to be one that htis no troubled times. I want
a calm, peaceful existence for us all. I don’t want my people
to suffer anymore in my own lifetime or thereafter: I just want
things to go along nicely, and for our lives to be normal and
witbout worry, Those events that we experienced many years
ago were just horrible. I would hate to see my people driti into
that painful state of affairs again.

We want the Americans to continue to take care of us. and
we want them to be part of our future. When I think of tbe
years and years that it will take to cle~n Bikini until the

** per~ollal~C)mmunicati[)n. Bauno, K. 198R. 1990
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poison is totally eradicated and therefore safe for our children,
I get extremely depressed, 1 will die long before this occur-s.
I know that I won’t be able to be buried in what [ beliek,e
should be my final resting place by our custom, on the land of
my ancestors, on Bikini Island.

I hope that my children, grandchildren and great grandchil-
dren will find only peace in their lives, 1 bopc that the islands
that they will have to live and survive on will be suitable for
them. I want them to refurbish our lands and experience good.

wholesome lives together, one can’t really ask God for
unything more than that.

A<k/iotY/[,(/,ytI/e,![,\- 1 would lihe 10 thank Mayor T(]maki Jud;I :Lnd
Senator Henchi Balo$ inci the Bikini Local Govcmnlcnt Council. I would
also tike tu th~nk tbusc elders who h:ivc sbarcd with me their knowledge
about their culture. Kilon Bauno. Lore Kessihuki and Jukw a Jakeo, three of
the elderi interviewe(i in this paper. hulc passcc) away, 1 will alway\ be
gratct’ui for their kindness ancl friendship.
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THE NORTHERN MARSHALL ISLANDS RADIOLOGICAL

SURVEY: DATA AND DOSE ASSESSMENTS
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Abstract-Fallout from atmospheric nuclear tests, especially
from those conducted at the Pacific Proving Grounds between

1946 and 1958, contaminated areas of the Northern Marshall
Islands. A radiological survey at some Northern Marshall
Islands was conducted from September through November
1978 to evaluate the extent of residual radioactive contamina-
tion. The atolls included in the Northern Marshall Islands
Radiological Survey (NMIRS) were Likiep, Ailuk, Utirik,
Wotho, Ujelang, Taka, Rongelap, Rongerik, Bikar, Ailinginae,
and Mejit and Jemo Islands. Tbe original test sites, Bikini and
Enewetak Atolls, were also visited on the survey. An aerial
survey was conducted to determine the external gamma expo-
sure rate. Terrestrial (soil, food crops, animals, and native
vegetation), cistern and well water samples, and marine (sed-
iment, seawater, fish and clams) samples were collected to
evaluate radionuclide concentrations in the atoll environment.
Samples were processed and analyzed for ‘37CS, ““Sr,
23”+24”PU and “’Am. The dose from the ingestion pathway
was calculated using the radionuclide concentration data and a
diet model for local food, marine, and water consumption. The
ingestion pathway contributes 70Yc to 9070 of the estimated
dose. Approximately 95% of the dose is from 1X7CS.90Sr is the
second most significant radionuclide via ingestion. External
gamma exposure from ‘37CS accounts for about 10% to 30%
of the dose. 2.39+240PU and ‘a’Am are the major contributors to
dose via the inhalation pathway; however, inhalation accounts
for only about 170 of the total estimated dose, based on surface
soil levels and resuspension studies. All doses are computed for
concentrations decay corrected to 1996. The maximum annual
effective dose from manmade radionuclides at these atolls
ranges from .02 mSv y–’ to 2.1 mSv y–’. The background dose
in the Marshall Islands is estimated to be 2.4 mSv y– 1. The
combined dose from both background and bomb related
radionuclides ranges from slightly over 2.4 mSv y–’ to 4.5 mSv

Y-‘. The 50-y integral dose ranges from 0.5 to 65 mSv.
Health Phys. 73(1):37-48; 1997
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INTRODUCTION

A ~,~[~[ol.o~[c,i[. survey was conducted from September
through November of 1978 in the Northern Marshall
Islands prior to the dissolution of the U.S. Trust Terri-
tory. The purpose of the survey was to assess the
concentrations of persistent manmade radionuclides in
the terrestrial and marine environments at 11 atolls and 2
islands, The atolls of the Marshall Islands are shown in
Fig. 1. The atolls included in the NMIRS were Likiep,
Ailuk, Utirik, Wotho, Ujelang, Taka, Rongelap,
Rongerik, Bikar, Ailinginae, Bikini. and Mejit and Jemo
Islands. A brief stop was also made at Enewetak Atoll.
Two of the atolls, Bikini and Enewetak, were the sites of
66 nuclear tests (Simon and Robison 1997).

A reasonable amount of data existed in 1978 for
Enewetak Atoll (U.S. AEC 1973). However. little radio-
logical information was available for most islands at
Bikini Atoll or for other atolls that were considered most
likely to have received fallout from nuclear tests con-
ducted at the Pacific Proving Grounds between 1946 and
1958. The BRAVO test on I March 1954 produced the
largest yield (15 MT) of the entire test series in the
Pacific. The fallout from BRAVO was the primary
contaminating event of Bikini and Eneu Islands at Bikini
Atoll and the atolls to the east of Bikini. The general
fallout pattern of the BRAVO test is shown in Fig. 1.

The NMIRS was essentially designed as a screening
survey, which would be used to determine whether or not
further detailed sampling effort might be required at any
of the atolls. The survey included an aerial radiological
reconnaissance to map the external gamma-ray exposure
rates over the islands of each atoll. The logistical support
for the entire survey was designed to accommodate this
operation,

Shore parties collected appropriate terrestrial and
marine samples to assess the radiological dose from
pertinent food chains to individuals residing on some of
the atolls, future residents of uninhabited atolls, or for
those who visit and collect food from these atolls. Soils,
vegetation, indigenous animals, cistern water, and
groundwater were collected from the islands. Reef and
pelagic fish, clams, lagoon water, and sediments were
obtained from the lagoons.

the journal Health Physics ~~i.th
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Northern Marshall Islands
Aerial Radiation Survey
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Fig. 1. Atolls and islands of the Northern Marshall lsl:~nds radiological survey.

The Lawrence Livermore National Laboratory
(LLNL) was responsible for the technical direction of the
survey, subsequent sample processing, analytical work,
and publishing of results. The Nevada Operations Office
(NVOO) of the U.S. Department of Energy (DOE) was
responsible for program management in the planning
phases and the interaction with other United States
agencies and departments and the government and peo-
ple of the Marshall Islands.

The survey was conducted in three separate seg-
ments over a 3-mo period. The first segment of the
survey included Rongelap, Taka, Utirik, Bikar, Rongerik.
and Ailinginae Atolls. The second segment included
Likiep, Ailuk, and Wotho Atolls, and Jemo and Mejit
Islands. The concluding third segment included Ujelang
and Bikini Atolls, with a limited stop at Enewetak Atoll.

The external gamma aerial survey was conducted
from the ship, U. S.N.S. Wheeling, by Edgerton Germe-
shausen and Crier (EG&G) with the support of a Navy
helicopter group, HC- I Detachment 3, from the North

Island Naval Air Station, San Diego, California. The
EG&G NaI detector and data an~lysis system was
mounted on one of the two Navy helicopters (Sikorski
H-3) carried by the Wheeling and flown by Navy pilots
on 46-m grid lines at an altitude of 57 m over the islands
at each atoll. A complete report of the external gamma
measurement program is available as part of the Northern
Marshall Islands survey assessment (Tipton and
Meibaum 1981).

The terrestrial and marine programs were conducted
primarily with small boats using the Wheeling as an
operation base. These two sampling programs were
designed as screening surveys to collect adequate sam-
ples to make dose estimates for ingestion and inhalation
pathways. A second helicopter aboard ship was used to
help distribute equipment and marine and terrestrial
sampling crews around the atolls. During the first leg of
the survey, weather was good and the helicopters were
used only for the aerial survey. During the second leg of
the survey, only one helicopter was in operation and it



was dedicated to the aerial survey. During the third leg,
the second helicopter became available and was essential
to the terrestrial and marine programs because of adverse
weather conditions.

A summary of the numbers and types of samples
collected at each atoll is listed in Table 1. Over 5,400
soil, animal, vegetation, fish, clam, sediment. cistern
water, and groundwater samples were collected from the
12 atolls and 2 islands during the Northern Marshall
Islands survey field operations, All samples were re-
turned to LLNL for processing. The analytical work was
conducted both at LLNL and at contract laboratories.

A series of reports were produced that addressed the
radionuclide concentrations in cistern water and ground-
water, and the estimated doses via ingested water (Nosh-
kin et al. 198 la); the radionuclide concentration in
marine species and the associated estimated doses from
the marine pathway (Robison et al. 1981 b; Noshkin et al.
1981 b); the rtidionuclide concentration in soils, plants,
and animals at each of the atolls and islands and the
estimated doses via the terrestrial food chain and all other
pathways (Robison et al. 1982a); the analytical methods
and quality control programs (Jennings and Mount
1983); the data base; and the sampling, processing, and
analytical methods and summary (Robison et al. 198 Ia).
A separate report was written for Bikini Atoll (Robison et
al. 1982 b).

Since the 1978 NMIRS, extensive data bases have
been developed for Rongelap, Enewetak, and Bikini
Atolls, and separate, more detailed data and dose assess-
ments have been published (Robison et al. 1987, 1988,
1994, 1997; Robison and Conrado 1996a, b).

This report summarizes the radiological concentra-
tions and doses from all pathways developed for the
NMIRS. All data are decay corrected to 1996 to represent
current conditions. Detailed results are summarized in
the original reports.

SAMPLE COLLECTION PROCEDURES

Terrestrial samples (plant, animal, soil, and water)
The field collections were designed to take a repre-

sentative sample of the locally grown food supplies
available to the local populations and to determine the
radionuclide concentrations in animals and plants rela-
tive to soils for an entire island and atoll. At inhabited
atolls, local residents were hired to assist field crews in
the collection of the samples.

Representative samples of avai Iable local food sup-
plies consisted of animals, fowl, and food grown on the
islands. Coconuts are the most common and abundant of
the food plants and provided a common type of sample at
all atolls. When found by field teams, Pc~~Id~I~I~/.s,bread-
fruit, papaya, banana, squash, and 7~ICC{I(arrowroot)
were also collected. If no food crops were available on an
island, then native plants such as McJri?I(l[~ fruit, and
Sc~~etTfjlLI,fi.s{~tzi[l, and Me.~.~~’r.s[/lt?zedi[lleaves were
collected so estimates of the radionuclide concentration
in food crops could be developed using correlation
coefficients (activity per gram in one plant species
divided by the activity per gram in a different species).

Pigs and chickens, which represent the major source
of meat protein outside of imported canned meats, were
collected for analysis of various organs. Coconut crabs
were collected when found.

Soil profile samples were collected in the root zone
of most of the sampled plants. The radionuclide concen-
trations measured in the plant tissue could then be
compared to concentrations in the soil. Approximately I
kg sample of soil was taken in the following increments:
O–5, 5-10, 1()–15, 15–25, 25–40, and 40-60 cm. A
40-cm-deep profile encompasses most of the active root
zone of the subsistence crops that grow in the Northern
Marshall Islands. A trench was dug r~dially from the
trees to minimize root damage using either a backhoe or

Table 1. Total number of samples collected and analyzed by atoll or island from the NMIRS.

No. of Cistern Grolmd L~Igo(m Lagoon” Total
Atoll islands Soil Vegetti[ion Aninral” Fish” Cl~tms” waler water wotcr sediment Sfin]plcs

Rorrgelapl’
Tak:I
Utirik
Bi!iar
Rorrgerik
Ailinginae
Likiep
Jem{) Isl:md
Mejit tsland
Ailuk
Wotho
Ujel;mg
Bikinih
Encwe[akl’
Tn(:Il

12 398
3 53
5 ?7 I
3 41
6 161

1() 22s
10 266

I lx
1 48
9 z~~

4 I74
7 279

Is 89 I
5 6

91 3,093

I43
17

116
8

58
19

I03
6

?6
I~~

48
I 14
I27

14
961

28 I49 I() ~ ‘2

() 42 1() () ()
?2 ~~ 12 I I

() 54 6 (1 ()
I 84 I() () ()
~ 90 l? I ()

24 79 n 3 3

() 24 () () ()
23 6 () f) ()
24 54 b 3 3
15 60 7 I 1
14 42 8 1 I
() 179 l? ~ -1
() 60 () () ()

153 965 101 14 15

2
4
3
4
4
4
()
()
4
4
5

()
48

9 74X
4 1~~

6 475
4 116
6 ~’2~

1() 423
9 499
3 51
3 I06
8 466
7 317
5 469

II I ,233
() X()

x5 5,435

“ Values for ~ninl:ils, fish, and clams are the nurnhcr of tissues prepared for im{llysis.
h Addi(ion:d radiological dat~l hake been developed over [he yc:irs (Rohis(m e[ :11. 1987, 198X. 1994, 1997; Robison i~nd Conmdo
1996:1.b).
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shovel. Additional soil profiles were collected at sites
around the islands with no associated plant samples.

Groundwater (well water) and cistern water (rain-
water collected from dwelling roofs) samples were col-
lected whenever available at the atolls. The groundwater
was filtered through 1- and 0.4-~m filters to separate
particulate. Cistern water was not filtered.

Marine samples (seawater, sediment, fish, and clams)
Large-volume seawater samples were taken from

various locations in each lagoon. All samples were
filtered through a 1-~m cylindrical fiber-cartridge filter
into plastic barrels to separdte particulate. Sediment
samples were also collected at these locations. Additional
sediment samples were collected from other locations
around the inner perimeter of the lagoons.

Throw nets were used exclusively to catch reef fish
at the atolls. Large pelagic and benthic fish were col-
lected on sport fishing gear.

Specific species collected represented those com-
monly eaten by the Marshallese and found in relative
abundance at different locations. In addition, we col-
lected species with a variety of feeding habits, and for
those which previous radiological data were available.

SAMPLE PROCESSING PROCEDURES

Terrestrial samples
Most vegetation samples were a composite on the

average of five individual fruits. The plant samples were
washed to remove any soil, dissected into different
segments (i.e., meat, skin, and seeds) and weighed. The
samples were then freeze-dried, reweighed. and ground
to a homogeneous texture. Juices were slowly evaporated
in ovens to approximately 200 ml (Robison et al. 1981a).
The animal samples were dissected into different organs
and tissues, weighed, dried and ground. The soil samples
were dried and ball milled to produce a homogeneous
sample.

The ground vegetation, animal, and soil samples
were pressed into an aluminum can or vial, with volumes
of 222 cms and 42 cm? respectively, and sent for analysis
by gamma spectrometry of 137CS and other gamma
emitting radionuclides. Detailed processing procedures
are outlined in Stuart ( 1995).

When gamma analysis was complete, the canned
samples were sent to a contract laborator ,~, for wet
chemistry analysis for ‘)OSr, ~-~’}+2Jopu$ and - Am, Du_
plicates and standards, blind to the analyst, were included
with each group of samples sent for analysis. A complete
report on the quality control program is a part of the
original series of reports (Jennings and Mount 1983). The
quality control program was conducted independently by
C. D. Jennings of Western Oregon State College, Ore-
gon.

Marine samples
Filtered water samples were transferred to large,

plastic processing containers where they were ticidified,

July 1997, Volume 73. Number I

and standardized carrier solutions were added. The ra-
dionuclides were separated from the water using pub-
lished procedures (Wong et al. 1994). The filters (partic-
ulate fractions) were dry ashed, gamma counted,
dissolved, and specific radionuclides separated by stan-
dard procedures.

Frozen sediment samples were thawed, weighed
wet, and dried in ovens to a constant weight. The
sediment was then homogenized using a shaker-type ball
mill and placed in the aluminum cans or vials for analysis
by gamma spectrometry.

Fish and vertebrate samples from each location were
thawed, weighed, measured, and dissected into distinct
tissues and organs. Sample tissues from the same catch
and species were pooled to produce a large enough
sample for analysis. The samples were oven dried, dry
ashed, homogenized, and put in aluminum cans or vials
for gamma analysis.

Wet chemistry analyses at LLNL were performed by
standard methodology (Wong et al. 1994). Each contrac-
tor laboratory used their own procedures, but had to meet
our quality control criteria (Jennings and Mount 1983).

DOSE CALCULATION METHODOLOGY

The analytical results from the analysis of these
samples along with the EG&G external gamma data were
the basis for the dose assessments at the atolls and
islands.

The dose estimates for each island were calculated
for 1996 assuming residence on the island and the
consumption of local foods grown on the island. We used
Spiers methods (Spiers 1968) in conjunction with models
developed by Bennett ( 1973, 1977), Bennett and Klusek
( 1978), and Bennett and Harleyy to calculate the bone
marrow dose from ‘OSr. For other radionuclides, the dose
calculations were made using dose models described in
the Bikini Island dose assessment report in this issue
(Robison et al. 1997). The gut trdnsfer Fdctors used for
‘“+’)‘ 240PU and ‘JIAm in the 1978 dose ca]culati(}ns were
10’4 and 5 X 10-4, respectively. The biological half-
Iives used for plutonium and americium were 100 y for
bone and 40 y for liver. Plutonium and americium were
assumed to be class-W compounds for the inhalation
dose calculations.

The radionuclide concentration data used for the
ingestion pathway dose estimates are listed in detail for
terrestrial foods, marine foods, and water in the original
reports (Robison et al. 1981 b, 1982a; Noshkin et al.
1981 a). A summary for the most important food is given
in Tables 2, 3, and 4 for representative islands at each
atoll. decay corrected to 1996.

The ingestion doses in this report are based on a diet
model that includes both locally grown and imported
foods, This diet model, and its relevance to dose esti-
mates in the Marshall Island, is discussed in two reports

~ personal com[nunicatic)ll, Bennett. B. C.; Hurley, J. United
States Department of Energy Environmental Measurements Ltibofii-
(ory. New York, NY; 197~).
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Table 3. The mean cmrcen[nltions of radiomrclidcs in muscle tissue frmn tinimals collected (m reprcsent:ltive isl:mds at
each a(nll.

Radinnuclide ctmccntrmtiuns in Bq kg ‘ wet weight”

Pork Chicken coconut” Cmb

At(jll/Islmrd Nh ‘‘7CS “’)Sr 2’<)‘ 24(’PU ~4’Am” Nh I 17~\ “(’Sr ““‘ “’)Pu ‘d’Am” Nh ‘ ‘7CS ‘)”Sr ““ ‘ ‘A”pu ~4’Anl<

R{))l~@/(//J
Rcmgelap 2 212 ().()87 1.4X10 ‘ 2.8 x 10 ~ I 64 ().13 2.5 x 10 ‘4,1 X10’-— — —
Arbar — — ? 87 38 ().()72 0.028

Ailitl,qilictt,
Sif’c) 1 41 2.2

L[(irik
().()25 4.3 x 10 ‘

Utirik 2 83 ().()36 <4,0X 10 4 <7.7 x 10 4 I 14 ().I9 9,5 X1042,3X10’-” — —
Likic,f}

l.ikiep 2 44 —
Mt:ji/ /s/cin{/ 2 44 9.7 x 10 ‘ 1.6X 10 4 1,8X 10 ‘ i 1;’7 ().()14 I.ox 10 ~],~xlo~_ — _ ._
Aill(k

Ailuk 2 32 0.094 <1.7X 10 4 7.7 x 10 4 I x,x 1).027 <3.6 x 10 41.8X10’- — — —
Woillo”

Wotho” I 16 1.9X 10 ‘< I,4XI() ‘< I. IXI() 4 I 2.[) 4.6 x 10 ‘ I.OXI()” — —— — —
q/[J/(iJl~

Ujelang 2 11 ().()I4 6.6 x 10 4 5.OX 10 ‘ –- —

in this
1996).

“ Specific zictikity decly corrected [n I996.
‘ Number 01 sarnplcs c{~llected,
‘ Specific :ictivity l[~r ~q’Am rctlects the in growth t’mm ‘J’ Pu ctec:~y since 1978,

Table 4. The mean concentrations of radi(>nuclides in muscle tissue t’rom fish and cl:lms cnllected at each atoll or island.
NOTE: Ncm-detected concentrations ~re equal to the maximum detection limit and are noted by the < syrnbnl.

Radi(muclidc c(mcentratit)ns in mBq kg i wet weight’

Rect’ fi\b Pelagic fish Clams

Atoll ~1,
‘ ‘7CS “’)Sr 2’<’‘ “[’Pu 2“ Am’ Nb ‘ “CS ““Sr ~3<’‘ 24(’Pu 24 1,4nI< Nh 1“c, ‘)”sr 2 ‘<) ‘ “’]pu ~alAInc

Rungel~p 598 586 17
Rongerik 283 317 12
Ailinginae 279 342 I2
U[iri!i 110 298 <?1
Takti ]29 ~~() 1~

Likiep ~()~ 269 17
Meji! Islznd 70 17 I —
Ailuk 172 ~~() <]~

Wotho” 298 317 <7.()
Ujelfing 77 147 5
Bikar 140 415 12
Jemo Iskmd 99 39 I <24

II
2.6
3,7
8.5
4.4
I .5

<().()7
I ,5
1,5

<(). I 1
1.5
I .5

I .4 7 6X4 <7.3 ().22
(),4 I 7 611 <7.3 ().52
().9 I 4 537 <7.3 ().37
().46 3 469 <9. X <().37
(),9 1 3 684 <4,9 ().19
(),9 I

<().46 I 391 <17 (),74
().46 2 488 4.9 <(),15

<023 x7 48X <7.3 ().74
().46 4 635 9.8 ().37

<3.7 — — —

(),27
<(),27
<().37
<().46
<(),14

().23
(). I4

<(),46
-<().46

3
~

13
3

48 160 81 46
I4(1 I01) 13 14

<14 14 13 1).1
25 <61 16 <2,7

<41 <81 15 <9.()
<20 <34 12 <2,5

<25 <29 3.7 <1.4
<12 <x.? 3.3 4.6

30 <98 ?2 16
65 <49 4.8 y~

“ Specific aclivitv decay corrected 10 I996.
“ Number (It’ individual Ii\h or clams c(]llcc[ed, Szimplcs were pc)(~led lr~ml [hc some catch dnd species, mrd thi~ number d[~cs not
rcprcscnt the numhcr 01 ~malyses pcrfunncd.
‘ Specific activity for ~4’Am reflects ~hc in growth frum “’Pu decay sitlce 1978.

issue (Robison et al. 1997; Robison and Sun The survey on Bikini Island was conducted at
intervals over the whole island resulting in about

30-m
2,1 ()()

The external gamma measurements made with the measurements. The external gamma measurements at
aerial system by EG&G were the main data used at most
atolls to determine the external gamma dose at the
islands. Detailed data showing specific contours for each
island are available in the original report (Tipton and
Meibaum 1981). The resolution on island surface for the
aerial measurements was about 100 m. Additional exter-
nal gamma data were available for Bikini and Eneu
Islands at Bikini Atoll. A major external gatnma survey
was conducted at these 2 islands by LLNL in 1975
(Gudiksen et al. 1976). The survey was conducted on the
ground using portable gamma-rate meters at I m height.

Eneu were made at loO-m inter;als. The EG&G contours
for Bikini Island developed from the aerial measurement
were very consistent with the contours developed from
the ground survey with a 30-m resolution. The surveys
also agreed very well at Eneu Island.

The dose estimates for external gamma exposure
were made using the island average exposure rate for
137CS and “°CO. No shielding was included. Dose esti-
mates subsequent to the 1978 publications use estab-
lished time distributions for various areas of the islands
and measurements made inside houses and around the
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village center and living areas. These are combined to
develop more realistic external dose estimates as de-
scribed in the Bikini dose assessment in this issue
(Robison et al. 1997).

‘~’>+240PU and 241Am are the major contributors to
radiological dose via the inhalation pathway. The meth-
odology is based on resuspension experiments conducted
at 3 different atolls in the Marshall Islands. The dose
estimates from the inhalation pathway are based on a
mass loading model developed from our Bikini Island
resuspension studies and discussed in other reports in this
issue (Robison et al. 1997; Shinn et al. 1997). The
surface soil (0 –5 cm) is the source of 23’)+2AOPUand
2J1Am particulate resuspended in the air by wind action
and available for inhalation. The dose estimates via
inhalation at the various islands were determined by
using the ~s~~+z~opuand 241Am concentration in the

surface soils at each island, the mass loading model, and
a breathing rate of 22 mq d– 1 to determine the daily
inhalation of plutonium and americium. The ICRP lung
model used to estimate the dose was the lung model
given in ICRP 30 (1982).

RESULTS

The radionuclide concentrations were determined
for most of the food items listed in the diet model used
for dose assessment. If food samples were available for
an island, then the data were used. For those atolls where
some food crops and animals were unavailable, the
radionuclide concentration was estimated by applying
concentration rdtios (activity per gram in vegetation
divided by the activity per gr~m in soil) or correlation
coefficients that were developed at atolls where such
food crops were available, to the soil or plants at those
islands where direct data were unavailable. Data for fish
and clams, for islands where some species were not
caught, were extrapolated for lagoons where similar
conditions existed. A total of 26,018 analyses, by both
gamma spectroscopy and wet chemistry, resulted from
the NMIRS (Robison et al. 1981a).

The mean radionuclide concentrations of ‘37CS,
Yosr, 23[)+ 240 Pu, and ‘q[Am for the major local terrestrial
foods found in the Marshallese diet are given for the
residence islands or major land masses of each atoll in
Tables 2 and 3. These data are representative of each
atoll sampled. Data for the other islands at the atolls and
minor food items collected can be found in the original
reports (Robison et al. 1982a).

Coconut consumption is the major source of radio-
nuclide intake from local foods. Two distinct growth
stages exist in the diet model for coconut-drinking and
copra. Drinking coconuts have a dry to wet weight ratio
of less than 0.45. Copra coconuts have a ratio greater
than or equal to 0.45. 137CS concentrations are much
lower in the drinking than the copra coconuts. Calculated
doses are dependent on differentiating between the stages
of coconut.

The mean radionuclide concentrations for the ma-
rine species found in the diet model by atoll or island are
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found in Table 4. A more detailed breakdown by species
and tissue can be found in the original reports (Robison
et al. 1981 b; Noshkin et al. 198 lb). Sediment and sea
water can be used for further comparison of radionuclide
conditions found in the marine environment. These
results can be found in Noshkin et al. ( 1987a, b).

Cistern and ground water are also found in the diet
model. The drinking water pathway contributes a small
portion of r~dionuclides to the total estimated doses.
Radionuclide concentrations and dose assessments of
cistern and ground water are found in the original reports
(Noshkin et al. 1981a).

Soil radiological conditions at the representative
islands at each atoll are characterized in Table 5. The
mean concentrations of 137CS, “OSr, 23(’ +24’)Pu and 241 Am

are listed by increments in the soil profile. The decrease
in activity with depth is exponential as shown in Fig. 2.
Approximately 807. of the activity is in the top 15 cm of
the soil column for atolls and islands sampled.

The external gamma data generated by EG&G used
for the dose assessment are listed in Table 6. The mean
value was used for calculating the external gamma dose
at each island. The range of exposure rate contours that
encom~ass most of the land area for each island are also
listed. ‘

1000 1

\ J
137c~

.=.. 90sr

.A. ,,,+,,i)~u

741A~

‘- ..-,
-.-.-

:

,,, ,,, ,> ,,, ,,, ,,, ,,
l’”

0 5 10 15 20 25 30 35

SoIl depth m[dpolnt, cm

Fig. 2. Mean radionuclide concentrations in soil at Rongelap

Island, Rongelap Atoll. The exponential reduction in cc]ncentration

as J function of soil depth, is representative of soil profiles at other

islands and atolls summarized in this report.



Data and dcjsc assessments ● W. L. ROBISON”I.I ,iI.. 45

Table 6. External gamma exposure rates at atc]lls and islands included in the NMIRS.”

Mean Majur contm[rs
At(J1l/Island #Rh’ pRh’ Atnll/I\land

Bikini
Narn
Imij
Odrlk
Ltmlilik
Aomen
Bikini
Rc)jkere
Eneu
Aerc)knjilol
Lele, Enemun
Erridrik
Luknj
Jelete
Orukcn

K<)tl,yeI([/?
Borukka
Kabelle
Eniactok
L(lmilal
Yugui
Rnnge]ap
Arb;lr
Noerr
Lukuen
G~belle
G{)gtin
Busch
Tufa

R[~n,qerik
Eniwetak
Bigcm~lttum
L{)tohack
Brnck
Rorrgerik

Ai/i/igi/1(/(,
Ucchuwanen
Knox
Mngiri
Sit’{l
Ribin{mri
Enibuk
M;~it)k{~ryaarr

14
4.s
It

14
3.()

20
9.9
I .5
0.33
0.86
2.8

24
29

7.3

4.5
c),~

6.6
21
25

3.()
?.7

28
lx
5.x
8,6
3.6
3,()

3.2
4.3
3.8
5.()
4.0

1.3
0.92
1.3
().92
I.3
1.1
I.7

940
().5-5.9

().23–().92
1.5-13

().23– I .5
2040

4,()–9.2
0.94.()

().()84).23
().()84).92

I ,5-9,2
g_~~

2040”
1.6–5.9

2.64,()
4,()-13
4.()–9.2
I3-26
13-26

1.54,()
I .s-2,6
2040

9_20

4.()-5,9
1.5-5.9
I .54.()
(),9-2.6

1.5-2.6
4.(LS,9
2.64.()
4.()-5.9
4.()-5.9

().5()4),92
().5()4).9’2
(),’23-().92
().23–().92
().5(>0,92
().5(L0,9’2
().92–1 .5

U/irik
Ann
Bigmk
Utirik

T(Ik(]
Tok~l

Liki(,/~
Jiebaru
Kapcnor
Mato
Likiep

M(jil /.s/(//1[/
Ai[l{k

Enejelar
Bigen
Agulue
Aliet
Ailuk
Bcrej:m
Kapen

wet/1(1
Medyermr
Wotho”
Kabben

Uj<,[(l)l,q
Eitnnlapp
Kalo
Daisu
Ujel;urg

Bi!i(zt-
Jaboerukku
Bikar

J<,tt!()[,S/[1)1{/

Mean Majnr cunt[)uri
#Rh’ MRh’

().46
().5()
().48

().13
().15
(). [4
(), 13
(). I8

(),17
0.16
0,14
().15
().13
(). I3
().17

().13
().13
(),15

0.15
0.14
0.14
().13

().33
().34
(). I5

().43–().92
(),43–().92
().434),92

0,20+.43

().()9-(),2()
().09-(),2()
().()9-0.2()
(),094).2()
().()94),2()

().094).2()
(),()9-().2()
(),09-().2()
().()9–().2()
().()9–(),2()
().()9-().2()
(),09< ).2()

().()9<) .2()
().()94,2()
().()90.2()

0.09-(),2()
(),09-().2()
0.05-().()9
().()9–().2()

().204,43
().20<) .43
().()94,2()

“ Dat~] t’mm Tip[on and Mcib~um 1981, decay cnrrected tc~ 1996

The estimated maximum annual doses (defined as
that year when the sum of the dose from all radionuclides
and pathways is a maximum) based on the diet model and
radionuclide concentrations in food, water, and air and
the external gamma exposure at the islands are listed in
Table 7. The results are for 1996 conditions at the islands
and were generated by correcting the original doses for
radiological decay from 1978 to 1996 for both 137CS and
‘)OSr. The 50-y integral effective doses from all exposure
pathways are also listed in Table 7. The 50-y integral
dose can be used for providing risk estimates for the
population.

An example of the relative importance of radionu-
clide and pathway contributions to the total estimated
dose can be found in Robison et al. ( 1997). In general,
the ingestion pathway at the various atolls contributes
70% to 90% of the estimated dose mostly from 137CS

(-95%). The external gamma exposure from137Cs ac-
counts for about 1070 to 307c of the estimated dose.
Other pathways and radionuclides account for about 3%
or less of the estimated dose. The concentrations of ‘OSr,
239+ 240PU and 24(Am are very low in all edible foods and
contribute in a minor way to the total dose. Resuspension
at the atolls is very low so that the inhalation dose from
’39 t 240PU and 241Am is about 17. of the total estimated
dose.

DISCUSSION AND CONCLUSION

The close-in fallout pattern from the BRAVO test,
shown in Fi,g. 1, traveled in an easterly direction from
Bikini. Atolls east of Bikini and north of a line drawn
from the southern half of Enewetak Atoll in the west to
above Mejit Island in the east are more contaminated
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Table 7. The cstin~ated rnaxirnurn annual effective doses and the 50-y integrul effective doses in 1996 for atolls and

isl:lnds included in the NMIRS.

At~nuid duse 50-y integral Annual d{~se 50-y intcgrul Annual d{~se 50-y inicgrol
Atoll/[sl~n(t nlsv y ‘ d(~se, nlSv At(J1l/l\land nls\, y ‘ dose. [11s v Atc)ll/lsl~lnd lnSv y ‘ dose , UISV

Rotlx(,[(l[>
N~icn
Kahclle
Menu
Enizct(~k
Rongclap
Arhar

/?(J/7,gerik
Enewetak
Rungerik

A//i} z,<;tl({(.
Ucchuwancn
Knox
Mt)giri
Sit’u

Uririk
At)n

T(lk[(
T~lka
Eluk
Eluk

[.i!ii[,[,
Agony
K~\pcn[)r
[.ikiep
R ikur~tru

M<,/// f}.

2.1
().9
().6
().6
(),4
().?

64
26
18.5
19
II
6.6

(),()3
().()2
().()2

1,()
(),7
().7

(),()3
().()3

().9
I.()

().()2
().()2
().()2

().5
()5
().5

().()2
().()2
().()3
(),()2
().04

().x
().6
1.1
(),7
1,~

().3
().4

8.6
1?

().()4
().()4

1.3
1.3

(), I
().2
().2
(). 1

4,6
5.1
4.s
2.()

A ili{k
Enijuhru
Encjeltir
Bigen
Agulue
Alic[
Ailuk

./<,)11[)/s (),()3 (),9
(),()3
().()3
().()4
().()3
[).03
().()3

().8
().9
1.3
().9
().8
I .()

t/j(,/[111,~
Ujelung ().()2 ().7

().1()
().()7Utirik

than those lying to the south of this line. The atolls east
of Bikini Atoll and north of the above mentioned line
received a deposition density of radionuclides that dimin-
ished with distance from Bikini Atoll.

For example, the highest radionuclide concentra-
tions in soil and plants, the highest external gamma
exposures, and, consequently, the highest estimated
doses east of Bikini are at Rongelap Atoll. There is a
significant difference between the southern half and the
northern half of Rongelap atoll. The concentration of
radionuclides in soil and vegetation is about a factor of
five lower in the southern half of the atoll (Robison and
Conrado 1996a, b). Contamination levels in the northern
half of Rongelap are more similar to Bikini Island
because the centerline of the fallout pattern crossed the
northern half of Rongelap Atoll. The dose estimates in
Table 7 rctlect this difference with the dose for Rongelap
Island being about 0.4 mSv y-1 and that for Naen Island
in the north being 2.1 mSv y -1.

Rongerik Atoll, just east of Rongelap, has the next
highest deposition density of radionuclides. Rongerik is
an uninhabited atoll, but assuming residence on Rongerik
leads to estimated doses of about 0.4 mSv y-” 1.

Ailinginae Atoll, which is owned by the Rongelap
people, lies just to the southwest of Rongelap Atoll, and
as a result of the location, the deposition density of
radionuclides and the resultant estimated doses are less
than at Rongelap Island. The estimated doses for resi-
dence on Ailinginae are about ().1 to 0.2 mSv y-”’.

The deposition density of radionuclides diminishes
significantly for atolls south of Ailinginae Atoll and east
of Rongerik Atoll. At Utirik Atoll the ‘37CS concentra-
tions in the soil and the external gamma exposure are
about a factor of 6 less than at Rongelap Island. The
estimate dose for Utirik Island is less than O.I mSv y” ‘.

The atolls south of the above mentioned line,
Ujelang, Wotho, Ailuk, Likiep, Jemo Island, and Mejit
Island, all have much lower concentrations of radionu-

clides in the soil and plants and lower external gamma
exposures than the atolls discussed above that lie to their
north. The effective dose estimates all range between
().02 and 0.04 mSv y-’ with the 50-y integral effective
dose ranging from ().5 to 1.3 mSv.

The methodology for calculating the uncertainty and
interindividual variability in dose estimates tit Bikini
Island can be found in this issue (Bogen et al. 1997). The
results in this report for Bikini Island are indicative of the
range of uncertainty and interindividual variability in
estimates for other islands.

The background radiation dose in the Marshall
Islands is about 2.4 mSv y ‘ (Table 8) of which a
significant fraction ( 1.8 mSv) comes from naturally
occurring “’)Po ingested via consumption of fresh fish
(Noshkin et al. 1994). Consequently, the combined dose
from background and bomb related radionuclides is less
than 2.8 mSv y-’ at Rongelap Island, about 2,5 mSv y -1
at Ailinginae Atoll, less than 2.5 mSv y- 1 at Utirik, and
only slightly over the background dose of 2.4 mSv y 1at
the other inhabited atolls of Ujelang, Wotho, Ailuk,
Likiep, and Mejit Island.

For comparison, the average background dose
worldwide is about 2.4 mSv y ‘ with some regions of the
world having background doses above 10 mSv y‘-’

Table 8. Marshall Islfinds background duse.

Effective d(~ser~te
Source Ills\ y ‘

Cusnlic ().22
Colnugenic ().()1
Terrcstritil ().()1
40K (). Ix
2’”Pu (diet)” 1.8
21(lp~~~lety, (),2()
T()(JI ?.4

“’Milin suurce is t’resh t’ish in the Incal diet (Nt)shkin C( :11.11)94)
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Table 9. ‘‘7CS concentr~tiorrs in vegetation and soil in the 5– 15° latitude band.

Bq kg ‘ wet weight” Bq kg ‘ dry weighl”

Drinking Drinking
coconut coc(mut S(lil Soil

Lt~c:]ti(ms N“ meat ~ 1? juice ~ t> Bre~dfruit Nh P(i}I[l(!II((.\ N“ ()–5 cm N“ (W() cm

Pohnpei”
Pohnpei’”
M:ljuru Atoll’”
M~tjur(>Atoll’”
Kwuj~dein

At[)ll’
Kwajalein

Atollc
Guam”
Truk”
Polau<’

II 5,? 9 I .7 8 4.5 17 8.1 17 2.8
1 3,4 3 8.6 —

14 3.5 14 I,,) 5 1.3 13 2,9
~ 7.(1 I 1.5 —

13 4.9 14 3,() ~ 6.9 I 14 Is 6.9 8 2.4

I 8.5

~ ?.1 ~ II
3 1.7 1 4.X —
~ I .() 3 X.3 —

“ Specific activity decay corrected I() 1996.
“ Number {>t’samples.
‘ Specific :ictivity is t’rmll samples c{,llccted betivecn 198 I ;md 1990 by LLNL.
‘]Specific fic[ivity t’rmn Ncl\(~n ( 1079).
c Specific activity from Nels(m ( 1977).

(UNSCEAR 1993). The average background dose in the
U.S. is about 3 mSv y-1 (NCRP 1987). The estimated
combined dose at Rongelap Island of less than 2.8 mSv

Y‘“1 is slightly above the worldwide average of 2.4 mSv

Y-1, but below the U.S. average of 3 mSv y- 1. All other
inhabited atolls have combined doses from background
and bomb-related radionuclides essentially the same as
the world wide average of 2.4 mSv y-1.

The concentration of ]37Cs in soils and vegetation
from the southern half of Kwajalein Atoll, Majuro Atoll,
Pohnpei, Guam, Truk, and Palau that represent world-
wide fallout levels for the 5– 15°N latitude band, are
listed in Table 9. The concentrations of these same
radionuclides at Likiep, Ujelang, Wotho, Ailuk, and
Jemo and Mejit Islands are about a factor of 2 to 3 above
these worldwide fallout levels.

External gamma measurements were performed by
Simon and Graham ( 1994) for the northern and southern
atolls in the Marshall Islands. The gamma measurements
at the northern atolls of Likiep, Ailuk, and Jemo and
Mejit Islands were found to be slightly higher than the
southern Marshall Island atolls. The exposure levels at
these latter atolls were indistinguishable from world-
wide fallout levels at the 0–1 OON latitude band.
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PAST AND PRESENT LEVELS OF SOME RADIONUCLIDES IN
FISH FROM BIKINI AND ENEWETAK ATOLLS

V. E. Noshkin,* W. L. Robison,* K. M. Wong,’ J. L. Bt-unk,* R. J. Eagle f and H. E. Jones*

Abstract—Bikini and Enewetak were the sites in the Northern

Marshall Islands that were used by the United States as testing
grounds for nuclear devices between 1946 and 1958. The
testing produced close-in fallout debris that was contaminated
with different radionuclides and which entered the aquatic
environment. Tbe contaminated lagoon sediments became a
reservoir and source term of manmade radionuclides for tbe
resident marine organisms. This report contains a summary of
all tbe available data on the concentrations of ‘-17CS,‘i’Co and
2’)7Bi in flesh samples of reef and pelagic fish collected from
Bikini and Enewetak Atolls between 1964 and 1995. The
selection of these three radionuclides for discussion is based on
tbe fact that these are the only radionuclides that have been
routinely detected by gamma spectrometry in flesh samples
from all fish for the last 20 y. Flesh from fish is an important
source of food in the Marshallese diet. These radionuclides
along with the transuranic radionuclides and “’)Sr contribute
most of the small radiological dose from ingesting marine
foods. Some basic relationships among concentrations in dif-
ferent tissues and organs are discussed. The reef fish can be
used as indicator species because their body burden is derived
from feeding, over a lifetime, within a relatively small contam-
inated area of the lagoon. Therefore, the emphasis of this
report is to use this extensive and unique concentration data
base to describe the effective half lives and cycling for tbe
radionuclides in the marine environments during the 31-y
period between 1964 and 1995. The results from an analysis of
tbe radionuclide concentrations in the flesh samples indicate
the removal rates for the 3 radionuclides are significantly
different. ‘37CS is removed from the lagoons with an effective
half life of 9-12 y. I.ittle 6’)C0 is mobilized to tbe water column
so that it is depleted in both environments, primarily through
radioactive decay. The properties of 2’)7Bi are different at
Enewetak and Bikini. At Enewetak the radionuclide is lost
from the environment with an effective half live of 5.1 y. At
Bikini only radioactive decay can account for the rate at which
the radionuclide is lost from the lagoon. The difference in the
binding properties of tbe sedimentary materials for 2’)7Bi
among the two Atolls is not understood.
Health Phys. 73(1 ):49-65; 1997
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INTRODUCTION

ENPW~TAK ATOLL, located at about I I021 ‘N, 162°21 ‘E, is
the northwestern-most atoll in the Western (Ralik) chain
of the Marshall Islands. The atoll originally consisted of
a ring of 42 (39 remaining) low islands arranged on a
roughly elliptical shaped reef, 40.2 by 32.2 km, with the
elongated axis in the northwesterly direction. The atoll
was one of the two sites in the northern Marshall Islands
that was used by the United States as testing grounds for
nuclear devices. At Enewetak, 19 of the 43 tests were
made from barges anchored in the lagoon. The remaining
tests included 2 air drops, 2 underwater tests, 7 ground
surface tests and 13 tests with devices fixed to towers.
Bikini Atoll, approximately 305 km east of Enewetak,
was the first U.S. nuclear test site in the Pacific. It is
located at 11036’N, 165”22’E and consists of 23 coral
islands surrounding a lagoon 35 km long, 21 km wide,
and 630 kmz in area. Most of the 23 tests conducted at
Bikini were detonated on barges anchored in the lagoon
or on the reef. Two tests were air drops, one was
underwater, and three were ground surface explosions.
Figures showing the Marshallese and U.S. names as-
signed during the testing program and locations of the
islands at Enewetak Atoll and Bikini Atoll appear in
other articles of this volume (Noshkin and Robison 1997;
Robison et al, 1997).

The U.S. moratorium began on 3 I October 1958,
and marked the end of all nuclear testing at the atolls.
The testing produced close-in fallout debris that was
contaminated with different radionuclides and which
entered the aquatic environment of the atolls. In the years
that followed, the components associated with the lagoon
sediments provided a reservoir and source term of
manmade radionuclides for the resident marine organ-
isms. These radionuclides are now remobilized, resus-
pended, assimilated, and transferred continuously within
the Atoll environment by physical, chemical, and biolog-
ical processes. Some of these processes at the atolls are
discussed in McMurtry et al. ( 1985); Nelson and Noshkin
( 1973); Noshkin et al. ( 1974): Noshkin et al. ( 1975);
Noshkin and Wong ( 1980); Schell et al. ( 1980); Schell
( 1987): and Spies et al. ( 1981). Of importance is the fact
that the persistent activities are accumulated to different
levels by indigenous terrestrial and aquatic plants and
organisms that may be used as food by people. Uptake of
different radionuclides by fishes can be directly from
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solub]c species released to the water und from ingested
material passing through the gut (Noshkin et al. 1987).

The first major aquatic survey that developed quan-
titative datti for different radionuclides in fish from
Enewetak and Bikini was conducted during 1964, 6 y
~fter the moratorium (Welander et al. 1967; Welander
1969). Samples of fish were again collected by others at
Bikini during 1969. 1970. 1972, 1974, 1975, 1976 and
1977 (Held 197 I; Lynch et al. 1975: Schell et al. 1978:
Nelson 1977) tind tit Enewct~k in 1972–73 (Nelson and
Noshkin 1973). Following the radiological aquatic sur-
vey at Enewetak in 1973 (Nelson and Noshkin 1973). J
more detailed long term study was initiated to osscss the
behavior and fate of specific radionuclides in the aquatic
environment. These studies were extended to Bikini
Atoll in 1975. As part of this work o variety of fish was
collected between 1975 and 1984 from the atolls for
r~dionuclide antilysis. Scvertil reasons prompted these
collections and the subsequent radiological analysis. The
ultimate objective for obttiining radiologictil information
was to use the data in estimating any potentiol radiolog-
ical consequences to individuals from ingestion of in(lig-
enous marine foods. Hence, a major effort was devoted to
dissections and analysis of the edible muscle tissue from
a variety of fish. Other studies were made to cvalutitc the
variability of radionuclides in families of fish; to define
the major tissues or organs where radionuclides were
concentrated by fish; and to develop concentration fac-
tors and relationships to ussess the effective half time for
some of the long-lived rddionuclides using the resident
non-migrtitory reel fish ~s indicators of environrnenttil
change.

The data generated from this effort showed that the
radiological dose from manmade radionuclides in the
marine food chain contribute Icss than ().1 Yc of the tottil
30-y integral dose equivalent at both AIolls (Robison
1973; Robison et til. 1987: Robison ct al. 1997). The
ingestion dose was derived principally from 3 gamma
emitting radionuclides, ‘]7CS, “°CO and ‘07Bi; the tran-
suranic radionuclides, ~3xz3° ‘ 2J’)Pu, ‘~’ Am: and ‘JOSr.
The largest contributor to the total marine dose was the
‘37CS accumulated in the edible flesh. The transuranic
radionuclides and ‘)(’Sr contributed little to the total dose
from ingestion of marine foods. This collection program
was phased out in 1985, but fish samples were again
collected in the 1990’s to verify the results of the original
assessments and to determine what, if any. changes
occurred in the concentrations of gamma emitting radio-
nuclides and the transuranics in muscle tissues. Re-
sources only permitted analysis of muscle tissue in these
later samples. However, with these new data and results
from earlier studies, a valuable data base was available
for radionuclidcs in the flesh of different fish that span
the 3 I -y period from 1964 to 1995. Some reef fish can be
used as indicator species because their body burden is
derived from feeding. over a Iifetimc, within a relatively
small area containing the contamination. Decrease in
radionuclide concentration in flesh can be used to esti-
mate the effective decay constant and half-lives. The
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effective half life takes into account loss by physical
dectiy and recycling mechanisms that reduce the avail-
able inventory c>fradionuclides to marine organisms. The
general mathematical form of the exponential expression
for the change over time in the amount of a radionuclide,
using a indicator organism, can be found in Noshkin et al.
(1975).

The 1964 and all subsequent data were generated by
gamma spectrometry with NaI (Tl) crystals and different
solid state Ge(Li ) detectors and by radiochemical septi-
rations and using detection systems appropriate for the
determination of specific radionuclides. Many fission
products. activation products, and the trtinsuranium ele-
ments were identified and measured in parts of fish.
However, only 3 gamma emitting radionuclides, ‘37CS,
“°Co, ~07Bi were measurable in flesh samples by gamma
spectromctry over the 31 -y period. Most results for these
radionuclides from our studies between 1974 and the
present have not previously appeared in the literature.
The transuranic radionuc]ides also persist in fish tissues
but plutonium-americium results have been discussed in
several other publications (Noshkin et al. 198 I a; Noshkin
et al. 1987; Noshkin et al. 1988; Schell et al. 1978: Schell
1987). There is also a summary of plutonium results in
fish from Enewctak Atoll appearing in Noshkin and
Robison ( 1997). Other radionuclides such as c)’)Sr, 55Fe,
and “OTC may be present in specific tissues of fish but
were found at concentrations so low that they contributed
very little to the estimated dose and therefore were not
measured in most samples on a regular basis. Naturally
occurring radionuclides were also determined in many
samples but arc not discussed in this report.

This report summarizes both our data and those
from other sources on the 3 major gamma emitting
radionuclides in the flesh of reef and pelagic species of
fish. Some busic relationships among concentrations in
different tissues and organs will be presented. The
concentrations measured in the Ilesh of several non-
migratory reef s ecies are used to estimate the effective

(>F l~,c~ and ~,},Bi during [he ~ I_Y
half lives for Co,
period between 1964 and ‘{995.

SAMPLING AND PROCESSING FISH

Most fish collections on the reef at the Atolls were
made using throw nets with assistance from Marshallese
fishermen or with gill nets (Welander et al. 1967; Schell
et al. 1978). Gill nets were not used after 1972, and reef
fishing for our program was done exclusively with throw
nets. Reef species are relatively abundant. easy to catch,
and arc therefore an important food source for the
Marshallese. The fish were caught on the reef when and
where they were sighted in the surf. Therefore, fish may
be collected from different regions of an island in any
given year. Variability in radionuclide concentration can
then be expected tis a function of geographical location
even on the same island. However, this “catch when
available” method of fishing probably best mimics the
manner by which these marine foods are derived by the
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Marshallese for consumption. Noshkin and Robison
( 1997) show what the effects of different fishing loca-
tions have on the concentration of’ ‘37CS accumulated in
the flesh of surgconfish from Runit Island of Enewetak
Atoll. The other category of fish include larger resident
and migrtitory predator species that were usually more
difficult to catch with sport fishing gear while trolling in
the lagoon.

Except for the Iargcr fish it was usLatl to bulk flesh
and specific tissues und organs separated from the
species collected from an island on any given day. The
samples were homogenized, dried (or ashed) and trans-
ferred to suitable containers for analysis on gamma
spectrometers. A number of samples were then selected
for radiochemical tinalysis of different beta or alpho
emitting radionuclides. The common and scientific
names for the fish that were eventually processed to
determine radionuclides CJl]lyin muscle tissue are shown
in Tables 1 and 2 with the sampling locations and a cross
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reference island locator ID number that is used through-
out this report. The concentrations of ‘37CS, “’)CO. and
‘[)7Bi determined in tlesh tissue of’ fish from Enewetak
and Bikini appear in the appendices and represent the
results in over 300” samples from 4,470 fish. All results
are decay corrected to dtite of sample collection. A
cursory examination of the appendices reveals that con-
centrations in flesh vary with species. over time. and with
geographical location in each Atoll. Compositing the
tissues from the satne species masked any differences in
concentration related to weight (size or age) or sex.

Tables I and 2 and the Appendices A and B show
that 3 reef species. surgeonfish (2nd trophic level),
mullet (2nd trophic Ievcl). and goatfish (3rd trophic
level), are represented in most collections. Obviously,
then, these reef fish are easily caught but they are also
preferred in the M~rshallese diet. Mullet and goatfish
were often caught in the stirne net cast at an island
indicating that both species move and feed together. A

Table 1. Fishing si[es at Bikini Atoll since 1964 where [nuscle tissue W:IS scp:lr:itecl Ior unalysis t’ronl the
species indicated.

Isl;uld Mar\h:llle\e ALIg” M;Iy” MIIY’ Nov’” ~CC””CApl-c’Jul’{ Jiin’ oct’” N()\‘ Scp’ Fch’ Jun’ Au~’ SCP’ Dec Nov
ID NJmc I g~q 1~)70 11)7? 1972 1~)74 1075 1076 1977 [977 11)7x 10X() I1)XI 1~182 1~)83 19X4 1’)92 1’)’)4

B-1 N:un gr,,,,,,l~

B-1 Irc)ij
B-3 Odrlk bo,gr,J,\,t,w
B-5 A[~n]en
B-6 Bikini \n
B.,) EnciIlo
B- I () Rojkere
B-12 Encu d;i,:r,n,~
B-13 Acr(~koj
B-IS I.elc 1
B-16 Encnl;i[l

B-17 Enidrik
B.~ I ~r{)~~[,

B-22 B(~koctokttth”
B-23 B(lrhdrlul gr,~n.s.t
Iagc)un

g.n.p, cl,\
p.s,n

c,

p.;.\

n.p, \.u

n,~
[n r~.ho

cr, n.sn cr. n 1) ~r,n.:,~
~r C.i-.n.s.g g,u. rr g.cr. n,s c,n

cr
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Table 2. Fishing sites at Enewetak Atoll since 1964 where muscle tissue was separated for’ analysis from the
species indicated.

Island Marshollese Aug” Novb Apr–May Jun Mar Nov Scpt July June Aug Sept Nov Feh Nov Mtiy
ID name 1964 1972 1976 1977 1978 1978 1980 19X1 1982 1983 1984 IY93 1994 I 994 1995

E-2
E-5
E-9
E-10
E-19
E.20
~.~4

E-33
E-35
E-37
E-38
E-39
E-43
E-45

Bokombak(r bu,da,gr,sn,sq, s,t,w” cr
Bokinwotme gr,n,p,s,t
Boken cr, sn
Enjebi .gr,j,cr,p,s,t cr,p
Aomon
Bijile cr,p, sn,u
Runit g.h,s gr,p,tn,u
Japtan P
Medren sn,u
Enewetak gr,p,sn,u
Ikuren gr,s sn
Mut P
Biken g.gr,j cr,p
Drekatimon

cr. s

n
n.s

n,s

gsr,s

cr, s
s

g,n,s g,cr,u

cr g,cr,s
n g!p,s sn g,gr.cr,ll,sn,s.t b(~,g.u g.s ft.g,pa.~ g,s g.s
n s bo.cr s

g
cr, s g,cr,n,p, sn,s g,n, s n.s bo,cr,n,sn,s g.s n,s ti,g,p,s g,cr,n,s

s
cr

cr
ba,m,u m,u m.u

brief description of the feeding habits can be found
elsewhere in this volume (Noshkin and Robison 1997).
The feeding habits and trophic level assignments of the
remaining reef and pelagic fish shown in Tables 1 and 2
and in the Appendices can be found elsewhere (Hiatt and
Strasburg 1965; Noshkin et al. 1988; Welander et al.
1967).

RESULTS AND DISCUSSION

Radionuclides detected in parts of different fish
from the atolls

In the 1964 study, sodium iodide detectors were
used with multichannel analyzers for non-destructive
analysis of the different samples. Spectrum stripping
methods were used to determine the levels of several
gamma emitting radionuclides accumulated by different
fish (Welander et al. 1967). Chemical separations were
used to isolate other beta and alpha emitting radionu-
clides from the samples. Data were

F;;;raE:o::s;!
~(}6Ru, 125Sb, ]~

aroma emittin radionuclides 54Mn, ,
Cs and 207Bi (and natural ‘40K). Radio-

chemical separations provided information on 5sFe (de-
cay by EC), 90sr, 239+ 240 Pu and “)2 ‘“Rh in the fish. The
presence of 104Ce, 155Eu and 110 ‘“Ag was verified in

some samples. 207Bi had been previously reported in
environmental samples from the atolls (Lowman and
Palumbo 1962), but it was during this survey that the first
determination of the radioisotope was made in fish
samples. It was present in fish from Enjebi Island,
Enewetak Atoll, in concentrations far exceeding those at
other islands of either atoll (Welander et al. 1967). At this
time 1‘){’Ru and 1‘5Sb were below detection limits in
muscle tissue of all fish from Bikini and the photopeak
from 54Mn was not evident in any flesh samples from
Enewetak. Of the remaining #aroma emitting radionu-
clides only 137CS, 6(]C0 and ‘07Bi were detected with
regularity.

Samples of fish were again collected by others
during sampling programs at Bikini in 1969, 1970, 1972,
1974,1975, 1976 and 1977 (Held 1971; Lynch et al.
1975; Nelson 1977: Schell 1978) and at Enewetak in
1972–1 973 (Nelson and Noshkin 1973). Samples from
this latter survey (and from the 72, 74, 75 76 and 77
Bikini surveys) were eventually dried and/or ashed and
analyzed non-destructively on Ge(Li) detectors at differ-
ent laboratories. For these latter programs it was possible
to resolve, without the spectral interference common to
Nal, the concentrations of any gamma emitting radionu-
clides present in the samples that exceeded detection
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limits. B 1974 the radionuclides
&

54Mn, 57C0, 144ce,

“()’’’Ag, Zr and 106RU had sufficiently decayed so that
they were only occasionally found in viscera, liver or gut
content samples from specific fish. With the improved
Ge(Li) detection systems, the gamma emittin,,,, ,54radionu-
clides ‘J’Am, 10IRh, ‘3JCS, 108 “’A.g, and Eu were
identified in parts of some fish along with 40K, ‘°Co,
1(]2’’’Rh, 125Sb, 137CS, ‘55Eu and “)7Bi previously found
in the 1964 samples (Welander et al. 1967). Wet chem-
ical separation methods were used with beta-alpha detec-
tion instruments to measure ‘d 1Pu and 23XPUin addition
to ‘OSr, ‘sFe, 63Ni, and 23’)+‘40PU. Mass ~~ectrometry
was used to determine levels of ‘3’)Pu and - Pu In parts
of some of the fish (Noshkin 1980). We identified and
quantified levels of ‘)’)Tc, 242’244Cm and 113 ‘“Cd (Nosh-
kin et al. 198 lb) in species of fish collected during the
late I970’s. Concentrations of ‘4z’z44Cm and 9’)Tc in
flesh were a few percent of the respective ‘3Y+240PU
concentration. The detection of 24~Cm (t,,2 = 163 d) in
environmental samples, 20 y after the end of testing,
must indicate the presence of the parent radionuclide,
24zr’’Am, in the environment.

By 1974, only the gamma emitting radionuclides,
‘(’CO and ]37CS. were evident in the majority of muscle
tissue samples from reef and pelagic species. 2(]7Bi was
poorly concentrated or below detection limits in muscle
from most reef fish except the goatfish, parrotfish, and
the larger pelagic species from the lagoon (see Ap~en-
dices). By the late 1970’s to the early 1980’s, only ‘s- Eu,
10*“’Ag, 1‘)2 ‘“Rh were the o~/)~ other gamma emitters, in
addition to 60C0, 137CS and - Bl, above detection limits
in separated samples of viscera, liver, or gut content
(Noshkin et al. 1988; Schell et al. 1978). Isotopes from
this former group of radionuclides were never in concen-
trations above detection limits in large samples of flesh
bulked for analysis by gamma spectrometry. In collec-
tions made during the 1990’s, only the flesh was se a-

Yrated from fish and analyzed. At both atolls 2{)Bi
remained below detection limits in muscle tissue from all
reef fish except goatfish. Levels of 137CS diminished to
detection limits in mullet and goatfish at many islands,
and 60C0 was found everywhere low in concentration or
below our limit of detection.

Tissue and organ concentrations of 2’)7Bi,60Co, and
137CSand geographical relationships

The larger migratory pelagic species cannot be used
as indicators for changes in the availability of the
radionuclides over time. The most useful data to assess
the temporal change in concentration is from reef species
that were repeatedly sampled over time from the same
general locations at the Atolls. Therefore, this discussion
will be limited to an assessment of the concentrations in
3 common reef species—mullet, surgeonfish, and goat-
fish-but the appendices can be referenced for levels in
the flesh of the other species of fish. Representative
whole fish concentrations for ‘~’cs, 60C0, and ~{)TBi in

mullet, surgeonfish. and goatfish from 1978 are recon-
structed from tissue and organ concentration data and the

percentages of the respective tissues to whole body
weight (Noshkin et al. 1987). Results are shown in Table
3 and are used to compute the percent of the whole body
activity associated with the tissues shown. The concen-
trations determined in the viscera samples are regrettably
less descriptive than those for the other tissues because of
the matrix of organs and tissues represented. These
include large and small intestines with contents, stomach
wall, spleen, kidney and mesenteries. The radionuclide
concentration of the viscera could often vary with the
amount of material in the intestines that often contained
quantities of bottom sediment (especially the mullet)
labeled with the radionuclide.

Concentrations of 137CS (r(,2=30.1 y) in flesh and
viscera of fish are comparable but because of the larger
mass, most of the radionuclide accumulated by fish is
found associated with the edible flesh; the lowest per-
centages are associated with bone and liver. Concentra-
tions in the flesh of the three species are approximately
equivalent to the concentration in the reconstructed
whole body. However, concentrations associated with
surgeonfish (see Appendices) were always greater than
levels in flesh of goatfish and generally exceeded or were
equivalent to the levels in mullet collected at the same
time from different islands of the Atolls. The surgeonfish
are the better environmental indicators for 137CS levels.
At Bikini, higher concentrations of 137CS were generally
found in flesh of reef fish from the northwest quadrant of
the atoll (B- 1 to B-5), and the lowest levels were
associated with reef species from the eastern reef. At
Enewetak, generally higher concentrations were mea-
sured in the reef fish from the northern half of the atoll
(E2-E-24) and lowest levels were found associated with
reef species from the southeastern and southern reef of
the atoll.

In 1982, ocean fish fillets purchased from stores in
the Chicago area of the United States, contained
0.85 ~0.07 Bq kg-1 of 137CS derived from global fallout
(Karthunen 1982). The appendices show that after 1978
the mean concentrations of 137CS in reef fish from islands
B-10 to B-23 at Bikini and from E-33 to E-38 at
Enewetak were comparable to the fallout levels in the
U.S. store-purchased fish.

Between 1958 (the end of testing) and 1994, ‘°CO
levels in the environments decreased by a factor of 30
from radioactive decay alone (rll~=5.26 y). However,
measurable concentrations are still found in fish col-
lected during the 1990’s. From 20 to 50% of the body
burden of 60C0 is present in the muscle tissue with most
of the remainder distributed among the liver, skin, and
viscera. Unlike 137CS, concentrations of “°CO in the flesh
of mullet and goatfish were consistently higher than
levels in surgeonfish simultaneously caught at the same
islands. Therefore, the goatfish and mullet are better
environmental indicator species for changes in 60C0
concentrations in the lagoon environment. The levels of
60C0 in the flesh of the reef fish from different regions of
the atolls vary in the same manner as 137CS and generally
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Table 3. Concentrations in tissues and percent of whole body concentration for 3 reef species.

Gut Reconstructedh
Musclea Bonea ~~lnil Liver’ Viscera” contents” whole fish

Island Common By By By By Bq Bq concentration

locator #

Muscle/whole fish
name kg ‘ %’ kg ‘ Yo’ kg ‘% ’kg’ %Ckgl%’kg” A’ Bq kg ‘ activity ratio

‘“CS
B-l
E-10
B-6
E-24
B-l
E-2

‘“co
B-1
E-l ()
B-10
E-2
B-1
E-10

“)’Bi
B- I
E-24
B-6
E.2~

B-17
E-10

Mulletd [4.7 67 0.9 0,5 8.2 9 13.6 [.0 15.3 13 22.0 1.2 12.9 1,14
Mullet 7.8 38 I.1 0,6 10.1 12 3.7 0,3 36,() 33 43.5 2,6 11,9 0.65
Surgemrfish 6.2 67 0.2 0.2 10.5 20 3.5 0.4 5,5 6 5.8 0.7 6.1 1.01
Surgeonfish 14,4 72 0.7 ().5 13,3 12 4.6 ().2 15.8 8 21.5 1,1 13.2 I .09
Goatfish 5,5 74 2.5 4 4.1 10 4.() 0,3 4.0 5 5,1 ().1 4,9 1.11
Goatfish 1.5 75 0. I 0,9 1.0 8 ().9 0.3 1.8 9 2.1 0.1 1.3 1,13

mean = I .03 t 0.12

Mullet 33.2 39 32.6 4.4 72.7 20 742.1 13 69,0 15 17.7 0.2 50,7 0,65
Mullet 1.3 17 4.6 7,4 9,6 32 81.4 17 6.5 17 4.0 0.6 4.3 0.30
Surgemrfish 1.() 36 1.3 6.1 2.8 19 29.9 12 4,4 I 7 9.4 3.8 I .7 0.55
Surgeorrfish 3,0 50 3,3 6.4 8.3 ?4 39.2 6.7 1.9 3 25,2 4.3 4.1 0.75
Goattlsh 21,2 33 17.8 3.3 61.8 17 951. I 9 207.3 31 133.6 0,2 43.2 0.49
Goatfish 13.2 29 5.4 1.4 36.2 14 306.4 4.2 200. ~ 44 45.3 0.[ 29.8 0.44

mean = 0.53 * 0.12

Mullet 0.1 18 0. I 2.1 0. I 4 4,3 8.1 2.0 45 4.6 6.7 0.5 0.30
Mullet 0.() I 0,2 0.5 0.} f) 2,5 0.9 15.5 66 37.2 10. I 2.6 ().()2
Surgeonfish 0.0 I 4 0, I 9.2 ().1 14 3.8 23 0.5 30 0.7 4.3 (). 1 0,2[

Surgeonfish 0.() 5.6 0.3 5.6 ().1 4 19.9 36 2,2 36 3,4 6.2 ().4 ().()8
Goattish 8. I 67 4.4 4.4 9.0 13 26.0 1,3 9.1 7 2.9 0.() 8.() I .00
Goatfish 241.9 71 65.6 2,3 173.O 9 276,4 0.5 354.2 10 45,3 ().0 224.9 1.08

mean mullet & surgemrfish = 0.15 * 0, I I

nlean goatfish = 1.04 ~ ().04

“ Muscle, skin, bone, liver, viscera and gut contents account for 93–95% of total fish weight.
bBq kg”’ whole fish = lx (Bq kg ‘ wet tissue) X (YI tissue of whole body wt)] X (~ 7[ tissue of whole body wt) ‘
‘ Percent of total budy ~ctivity in respective tissue or organ.

“ Mullet = Crenimugil crenilabis.

reflect the differences found in the distribution of activ-
ities associated with lagoon sediments.

Most striking were the differences found for 207Bi
(t1,2 = 32.2 y) among the tissues of the reef species. In
mullet and surgeonfish, 207Bi was usually below detec-
tion limits by gamma spectrometry in many parts sepa-
rated from the fish. The radionuclide was consistently
detected in the muscle and other organs of goatfish and
the pelagic la oon fish. About 70% of the whole body
activity of 2(E ~ ~BI ]n goatfish is associated with flesh
whereas less than 20% (when detected) is found in the
flesh of mullet and surgeonfish. Highest levels were
consistently found in flesh of goatfish collected on the
reef of Enjebi Island (E-10), Enewetak Atoll. Levels in
comparable species from islands of Enewetak Atoll
generally exceeded concentrations at Bikini Atoll. Goat-
fish are clearly the better indicator among different fish
for 207Bi levels in the lagoon environment.

Previous estimates of the effective half-life of ‘37CS,
60Co, and 207Bi using reef fish concentration data

Radiological dose assessments for the marine food
chain from ingestion of marine food have been made
assuming that the time necessary to reduce the concen-
trations in the food (and the environment) by a factor of
two is related only to the radioactive half-life of a
radionuclide. Clearly, if other processes are operating in
the environment that reduced the availability of a radio-

nuclide, the dose received by individuals over time
would be less. The concentrations in flesh from the reef
fish are used to describe the change in the activity levels
of (37CS, 6[)C0, and 207Bi in the environment over a 30-y
period of time.

There have been other attempts to model the
changes in environmental concentrations using radiolog-
ical data retained in fish parts. During the 1972–1 973
radiological survey of Enewetak, Nelson and Noshkin
( 1973) compared the activity levels in 5 samples of
viscera from surgeonfish with those in samples from fish
collected at the same islands of the atoll in 1964. The
average fraction of 6(’C0 and 207Bi found in 1972 viscera
was 0.11 tO.04 and 0.32f0. 19, respectively, of the
amounts measured in 1964. The effective half lives
computed from these data were 2.6t 0.9 y for 60C0 and
5.033.0 y for 207Bi.

Schell (1987) used concentration data in the viscera
of mullet (Neomyxus chaptafii) collected at Nam (B-I)
Island, Bikini Atoll, between 1964 and 1977 to assess the
combined effect of physical decay and removal by
lagoon processes. The value of the slope from a least
square fit of the natural log (in) of the respective
concentration with time (in ears), yielded effective half
lives for ‘37CS, COCo, and 207Bi of 4.1 fO.5, 3.OiO.4, and
6.3f 1.7 y, respectively. The values for 60C0 and 207Bi
are in generally good agreement with the values deter-
mined at Enewetak and tend to indicate that, over the
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time period, the decline of these radionuclides within the
lagoons was more rapid than radioactive decay alone.

Effective half-life of ‘37CS, ‘nCo, and 207Bi using
concentration data in flesh of reef species

The data in the Appendices were treated in several
manners. Only measurable radionuclide concentrations
with less than 100% counting error for mullet, convict
surgeonfish, and goatfish were considered. No error was
quoted for the measurements associated with the 1964
collections (Welander et al. 1967). A 1070 error was
arbitrarily assigned to each re orted concentration Fall-

]~~~ were e~timated in theout background levels of . ,’
flesh from values in species from other Northern Mar-
shall Atolls (Noshkin et al. 1987), concentration factors,
and equatorial water concentrations determined over
time. These values ranged from 0.3 to 0.9 Bq kg-1 and
varied with the species over time of collection. All 137CS
data were corrected before plotting the results to estimate
the effective decay constants. When sufficient measure-
ments of a radionuclide were available for fish from one
island, the data were plotted on a semilog graph (using a
spreadsheet program), essentially in the manner used by
Schell (1987), to determine the decay constant using a
least square fitting (LSF) procedure. All applicable data

points from the collections made between 1964 and 1995
were used to generate the curves. An exam le is shown

13?Cs ]eve]s inin Noshkin and Robison (1997) where the
the flesh of convict surgeonfish from North Runit Island,
Enewetak Atoll, are plotted against the date of collection.
A least square fit to the data yields a slope (A) with a
value of O.104t0.O 12 y–’. The error term is the uncer-
tainty in the estimation of the slope. The computed
effective decay constant (A) consists of a physical (A,)
and environmental (ecological = AC)decay constant. The
effective and ecological half-lives (t[,z, tllze) can be
computed. The latter half-life requires use of the physical
half-lives for the radionuclides that were provided in a
previous section and given again in Table 4. This
procedure was followed at several other islands where
there was sufficient long term data for a specific radio-
nuclide. The computer generated results are shown in
Table 4.

There were clearly differences in radionuclide con-
centration measured in the same species collected from
different parts of the Atolls during any one period and
over time. It was therefore impossible to construct a
single plot, for example, to show all 137CSconcentrations
in surgeonfish at Enewetak over time. It was, however,
possible to normalize concentrations to a value in the

Table 4. Effective and ecological decay constants and half-lives of ‘37CS, ““CO and 207Bi determined from
concentrations in flesh of fish from locations within Enewetak and Bikini Atolls. The error is the uncertainty in the
estimation of the value for the constants,

Data Radiological
Locatitm Data used points Isc)t[>pe half-life (y) *(Y. IY

f,,?’ (y) AC(Y ‘)’ 1,,,,.’ (y)

EneWetaK Atoll

E-24
E-to
E.2
E.2. I (),.24

All lncations
E.~~
E.~4

E-to
E.?

All k~catiuns
E.24

E-1 ()
All Iocatirrtls
Bikini Atoll
B-1
B-5
B-6
All Iocatiorrs
B-1
B-1
All Iucati(ms
B-1
B-1
All Iuca[ ions
B-1
All locations

Surge~lnfish
Surgec)nfish
Surgeonfish
Surge(~nfish
All reef fish
Surge(mfish
Goatfish
Goatfish
Surgeonfish
All reef fish
Goa[lish
Goatfish
Goatfish

13
9
4

zfj,

5e
7
6
6
4

58’

‘“c.
137f.s

‘ ‘7CS

‘“CS
‘ “CS
‘“co
‘“co
““co
“’’co
“(’co

21)7BI

2“7Bi
2’)7Bi

30,00
30.00
30.00”
30.00”
30.00

5.26
5,26
5,~fj
5,~~
5,2fj

3z,20
32,20

32.20

().104 t 0.012
0.06330.01 I
0.044:0.024
().()69 t ().0 I ()
().06() t (),0 I ()
0. I 95 t 0.022
(). 147 * 0.067
0.143 t 0.027
0. I 90 t O.o1o”
0.173 t 0.024
().093 t 0.0 I 8
().208 t 0.068
(). 136 * 0.025

6.7 f ().7
Il,ot 1.9
15.8 t 8.6
10.0 t 1,4
11.6* 1.9
3.6 t ().4
4.7 ? 2.1
4.8 t 0,9
3.6 ~ ().2
4,0 t ().6
7.4 t I .4
3.3* I.1
5.1 t 0.9

().()8 I t ().012
().()4() t ().()1 I
().()2 I t ().()?4
().()46 ~ O.01 ()
0.037 t 0.() I ()
().()62 ~ ().()22
0.015:0.067
(),01 1 30,027
().058 t ().010
().()41 t ().024
().()71 t o.f)18
(). I 86 t 0.068
(). 114 * ().()25

8.6 t 1.3
17.3 * 4.8

33 t 38
15. I t3.3
18.7 >5.1
11.2 t 4.()

46:205
63 % 155

12.0 t 2. I
17~ 10

9.8 ? 2.5
3.7 t 1,4

6.1 + 1.3

Surge(mtish
Surgecmfish
Surgec)nfish

Surgecmfish
All reef fish
All reef fish
All reef fish
All reef fish
All reef fish
All reef fish
Gmuf’ish
Goatfish

5
4
4

16“

20d
, Zd.c

53
4

II

‘“CS
‘“CS
‘“CS
‘3’CS
‘‘7CS
‘‘7CS
‘“CS
““CO
‘“co
‘“co

207Bi
2’)7Bi

“ Effective decay c{nlstan[ mld half-life.
“ Eccllugical decuy cunst:mt and h;tlf-life.
‘ Dtita normalized to 8/83.
“ Data nc)rnlali~ed to 7/78.

30,00
30,00
30.00
30,00

30.00
30,00

30.00
5,26
5,26
5.26

32.20

32.20

0.103 t 0.047
0.064:0.017
0.03430.024
0.07330.022
0.097 * 0.023
0.126 ~ 0.034
0.079 t 0.015
0.151 * ().027
0.230 * 0.039
0.131 to.o13
0.025 ~ 0.009
().023 * 0.009

6.7 * 3.1
15.6 t4.l

20 * 14

9.5 ? 2.9
7.1 ? 1.7
5.5 t 1,5
8.8 t 1,7
4.6 * 0.8
3.0 t 0.5
5.3 t 0,5
28 ~ 10

3ot 12

().080 t 0.047
().()4 1 t ().017
(),01 I t ().()24

().050 t 0.022
().074 t ().023
(), I 03 t ().()34
().()56 t ().()15
().()19 t 0.027
().()98 t ().()39
(),()()0 1 (),() I 3
().()()3 : (),()()9

0.00 I t 0.009

8,7 t 5. I
17t7

>60
14~6

9.4 ? 2.9
6.7 ? 2.2

12,4 ? 3.3
36~51

7.1 t 2.X
>53
>58
>77

COnly d~ita between 1964 and 1978 used t’nr curnparisurr with values generated using fish viscem samples (Schell 1987).
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same species from an island measured on a common
collection date. Relative concentrations could then be
plotted against time using measurements in all reef
species from one island or for all species from the entire
Atoll. At Enewetak, a number of measurements for the 3
species from islands E-2, E-10, and E-24 were made in
August 1983. At Bikini, common collections were made
at B-1, B-5, B-6, B-12, and B-17 on November 1978. For
example, consider the data entries for 60C0 in fish from
island B-1, abstracted from the Appendix, shown in
Table 5. Concentration measured in flesh of the different
fish during the November 1978 collections are shown in
bold type. Goatfish data from all collections was divided
by 6.70 Bq kg-] to generate the set of relative concen-
tration values shown in column 6 of Table 5. Likewise,
the Mullet-C (Crenimugil crenifabis), Mullet-N (Neo-
tny.rus chapta[ii), and Surgeonfish (Acanthurus trioste-
gus) measurements were divided by the respective con-
centration (shown in bold type) determined in the species
collected in November 1978. The normalized values are
shown in column 6, and column 7 contains the standard
deviation computed for the ratio. This procedure was
followed with the fish data from other islands. At
Enewetak concentrations were normalized to the values
from the August 1983 collections, The relative concen-
tration ratios were transferred to semilog plots and a LSF
procedure was applied to the data sets to assess the
effective decay constants (A) and the uncertainty in the
estimated value of the constant. Plots for relative (nor-
malized) concentrations of 137CS in all reef fish from
Bikini and Enewetak over time are shown in Figs. 1 and
2. A best fit to the results yields the trend line shown in
the figures and the computed effective decay constants.
Regression lines from a best fit to the normalized 60C0
data in reef fish from the two Atolls are shown in Fig. 3.
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001 ,,
1958 1963 1968 1973 1978 1983 1988 1993 1998

CollectionDaleforEnewelakReefFish

Fig. 1. Relative concentration of ‘ ‘7CS in flesh of reef fish from
Enewetak Atoll as a function of collection time. Concentration
data are normalized to values in fish from August 1983 collections.
Error bars represent the standard deviation computed for each mtio
from the I m error terms in Appendix A.

Fig. 4 shows the relative change for 207Bi in goatfish (the
only reef species with consistently detected concentra-
tions in the flesh) from Enewetak. The computed decay
constants and the respective half-lives from these analy-
ses and others (not shown with accompanying figures in
this report to conserve space) along with calculated
uncertainties are summarized in Table 4. Values for
correlation coefficients (Rz) of the different regression
equations ranged from 0.5 to 0.9 showing moderate to
strong correlation among the results.

The effective decay constants were also computed
using fish data from 1964 to 1978 at Nam Island to
determine if the flesh concentrations provided compara-

Table 5. Data from Appendix B for 60C0 concentration in flesh of reef fish from island B-1, Bikini Atoll.

Concerrtrdtion
Error as % normalized to * Error

Crsmmon Collection Concentmtimr
Island

of measured amoun~ measured in relative
name date Bq kg ‘ wet corrcentratimr in I 1/78 r~tio

B- I
B- I
B- I
B- I
B- I
B-l
B-1
B-1
B-1
B-l
B-1
B-1
B- I
B-l
B- I
B-1
B-l
B-l
B-1
B- I

Goat fish
Goat fish
G(satfish
Grratfish
Mullet-C
Mullet-C
Mullet-C
Mullet-C
Mullet-C
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Surgeonfish
Surgeonfish
Surgeonfish
Surgeonfi\h
Surgeonfish

May-70
Nov-78
Aug-83
Dee-92
JuI-76
Jan-77
Nov-78
Feb-81
Aug-83
Aug-64
JuI-76
Jan-77
oct-77
Nov-78
Dee-92
Aug-64
Nov-78
Aug-83
Aug-83
Dee-92

101.39
21.19”

6.70
6.13

12.33
1I .24
33.21”

8,22

2.53
798.52

15.68

18,80
13.12
15.91”
6.48

67.63
8.63’
1.~~

1.64
1.87

3

1
4

It)
7
2
I
3

26
1()
6
3

7
I

13

10
I
6
7

20

4.78
I .00
().32
().29
0,37
0.34
1.00
(),25
0.08

50.19
0.99
1.18
().82
1.00
().4 1
7.84
I .()()
(),14
(). 19
().22

(), 15
().()1
(),01
().03
().()3
().()1
(),01
().01
().[)’2
5,04
().06
().04
().()6
().()1
().05
().79
().0 I
().() 1
().0 I
().()4

“’November 1978 data in bold (see text),
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CollectionDate10,BlklnlReefFish

Fig. 2. Relative concentration of ‘37CS in flesh of reef fish from
Bikini Atoll as a function of collection time. Concentration data is

normalized to values in fish from November 1978 collections.
Error bars represent the standard deviation computed for each ratio
from the I u error terms in Appendix B,

100000

K

10000

001 ,, ,,

1958 1963 1968 1973 197B 1983 19.98 1993 1998
CollectionDateforEnevietak&Wkl”l ReefFish

Fig. 3. Relative concentr~tions of 6“Co in flesh of reef fish from
both Enewctak and Bikini as a function of collection time,
Regression lines showing best fit [o change in concentration with
tie at each Atoll are shown. Error bars represent the standard
deviation computed for each ratio from the I CTerror terms in
Appendices A and B.

ble decay constants to the values derived from viscera
samples by Schell ( 1987) in his analysis. These values
are identified in Table 4 for 137CS and ‘°Co.

Surgeonfish were the best indicator species for
1~7Cs. Results at Enewetak in Table 4 indicate that the
effective rate for 1‘~7Cs removal might be more rapid at
Runit (E-24), located on the eastern rim of the Atoll, than
at islands E-2 and E-10 in the northwest part of the Atoll.
One could argue that the physical form of material with
bound ‘37CS is different over areas of the lagoon and
release of the rad~onuclide occurs at different rates over
time. However, the 3 values are within 2 sigma of the
mean A (0.069t0.O 10) computed from the normalized
surgeonfish measurements from the three islands. This
later value was equivalent to the effective decay constant
using the normalized data from the 58 measurements in

100000 ,

1.

0001 ,, .,, ,,

!958 1963 1968 1973 1978 1983 1988 1993 1998
Colbti.n D8t.forEnewelakG.atfish

Fig. 4. Relative concentration of 207Bi in flesh of reef fish from
Enewetak Atoll as a function of collection time. Error bars
represent the standard deviation computed for each ratio from the
I CTerror terms in Appendix A.

reef fish from all locations. The best estimate for the
effective half-life of 137Cs in the lagoon at Enewetak is
therefore about 12f2 y. The ecological half-life is 19t5
y. Subtle differences that may be related to geography
and/or test location are masked by the error derived from
the analysis.

At Bikini the surgeonfish results also tended to show
a geographical dependence on the computed effective
half-live from island B-1 in the northwest to B-6 on the
eastern rim of the Atoll, As with Enewetak, all 3 values
are within 2 sigma of the mean computed from surgeon-
fish at all lagoon locations. The error term again masks
any difference with might be attributed to geography.
The effective half-life using muscle data from all fish
collected at Nam (B-1) prior to 1978 was 5.5t 1.5 y. This
is in good agreement with the value of 4.1 iO.5 found by
Schell ( 1987) using data for mullet viscera. A somewhat
longer effective half-life (7. 1k 1.7) results when all data
are used to generate the effective decay constant. The
difference between the computed half lives could indi-
cate the rate of ‘37CS release from the environmental
sedimentary components has diminished since 1978.
This value is also in good agreement with the half-life of
9*2 y computed from the 54 data points for all reef fish
from all lagoon locations. Although it is inferred from the
results, it would be difficult to argue strongly (because of
the uncertainty) that there is a difference in the effective
and ecological half-lives of 137CS between islands or the
Atolls of Bikini and Enewetak. An effective half live of
from 9 to 12 y indicates 137CS is removed from the
lagoon by processes that exceed the rate of radiological
decay alone,

Results from different species generate similar ef-
fective half lives. For example, there is good agreement
seen in the computed values for C“)Co in Table 4 derived
from Surgeonfish and Goatfish from islands at Enewetak.
Analyses of the reef fish data from B- I sampled prior to
1978 gave an effective half life for 60C0 of 3.oto.5 y.
This value is in good agreement with the value of



3.Oto.4 y determined from the viscera samples by Schell
( 1987). However, a much different effective half’ life
results when the entire datti set of 53 measurements from
1964 to 1994 from the entire lagoon is used to generate
the decay constant. The computed effective half-life of
5.3~0.5 y from this analysis is no different than the
radiological half life. Over the long term the loss of ““CO
from Bikini lagoon occurs principally by radioactive
decay or the rate of release from the environmental
components diminished ~fter 1978. At Enewetak the
effective half life from the analysis of 58 data points
using u regression analysis is 4.0~().6 y, This htilf life is
similar in value to one determined by Nelson ond
Noshkin ( 1973) comparing viscera data from fish ctiught
in 1964 and 1972. but on the other hand it cannot be
argued to be significantly different from the value of the
radiological half-life (5.26 y). There may bc a somewhat
faster rate of depletion at Encwctak. but the true value is
again masked by the errors generated from the analysis.
At best, the effective half life from the majority of results
indicates a value of 4 to 5.2 y tit both atolls.

The behavior of 2(’7Bi is different at the 2 Atolls. In
26 samples of’ goatfish from Encwctak lagoon the best fit
to all data yielded an effective half-life of 5.1 ~().9 y.
This value is in agreement with the Nelson and Noshkin
( 1973) result of 5.ot 3.(). This removal half-time from all
goatfish results is clearly faster than the radiological
half-life of 32.2 y. At Bikini there was substantially less
usable data. However, the LSF for the I 1 samples
generated an effective half-life of 30t 12 y, which is
equivalent to the radiological half-life. Too little data
were tivailuble at B-1 prior to 1978 to compare with the
Schell ( 1987) viscerti result. Because of the large error
associated with the effcctivc half-life, any definitive
conclusions regarding “)7Bi at Bikini are not clear cut. It
suggests that any significant loss of ‘07Bi from the
lagoon environment is probably only by radioactive
decay. If true, the radionuclide must be in a chemical or
physical form very different from thtit associated with
sediments source terms in Enewetak lagoon.

CONCI.USIONS

A variety of different radionuclides was found
accumulated in all species of fish from Bikini and
Enewetak Itigoons. Over the years many of the radionu-
clides have diminished by radioactive decay and by
natural processes. Fish collected in the 1980’s and 1990’s
show only low concentrations of a few remaining long-
Iived radionuclides in flesh and other tissues. The data
generated from the marine studies show that the radio-
logical dose from manmade radionuclidcs in the marine
food chain contribute less than (). I % of the total 30-y
integral dose equivalent at both Atolls (Robison 1973;
Robison et al. 1987; Robison et al. 1997). The ingestion
dose was derived principally from 3 gamma-emitting
radionuc]ides, 137CS, “(’CO and ‘(’7Bi: the transuranic
radionuclides ‘]X23° ‘ 24’)PLI and ‘AlAm; and ‘)OSr. The
largest contributor to the total marine dose was from

‘‘~7Cs accumulated in the edible flesh. The transuranic
radionuclides and ‘)’)Sr contributed little to the total dose
from ingestion of marine foods. Our COIlect ion program
was phased out in 1985, but fish samples were again
collected in the 1990’s to verify the results of the original
assessment and to determine what, if any, changes
occurred in the concentrations of gamma emitting radio-
nuclides in edible muscle tissue. Resources only pcrnlit-
tcd analysis of muscle tissue in these samples after
dissections. Of the gamma emittin ~ radionuclides [~ener-

fl~co l~~cs ,lndb~(),Biated by the nuclear tests. only ,
remain above detection limits by gamma spectrornetry in
flesh of some but not all fish.

These new data and the results from our earlier
studies and work by others provide a Iargc, valuable and
unique dato btise for radionuc[idcs in the flesh of differ-
ent fish thut span 3 I y, from 1964 to 1995. Some reef fish
can be used as indicator species because their body
burden is derived from feeding, over a Iifctime, within a
relatively small area containing the contamination, The
chtinge in body concentration over time is related to the
10CII diagenic processes that are responsible for the
release and recycling of the radionuclides. The change in
concentrations observed in several non-migratory reef
s ccies is used to describe the effective half lives for
(>!C,, ,37 Cs. and “)7Bi in the lagoon environments during
the 31 -y period between 1964 and 1995. This half life
consists of a physical decay term and a recycling or
environmental dcctiy term. This latter term is rcluted to
the processes which control the removal tind transport of
a r~dionuclide from the environment. Sufficient nleasure-
mcnts for 137CS, “(’CO and 2’)7Bi were available for some
reef species of fish repeatedly sampled from spccitic
locations at Bikini and Enewetak to determine an etfec-
tivc environmental decay constant from ~ least square
analysis (LSF) of the data.

The results of the analysis indicate the removal rates
for the 3 radionuclides arc significantly different. 137CS is
removed from the marine environments of Bikini and
Enewetak with an effective half life of 9–12 y that is
significantly Icss than the r~diological half life. The
natural processes acting on 137CS in the environment will
reduce any radiological exposure from in Testion of

- ‘q7Cs in themurine foods. Every 9 – 12 y the inventory of
sedimentary reservoirs is reduced in half and radiological
decay accounts for about 2 I% of the loss. The remaining
29c~ was renlobilized from the environment to the water

column in a dissolved state over the 9– 12-y period.
Within the lagoon, excess dissolved ‘37CS has been
measured in water samples taken on our sampling pr(~-
grams from all areas of both atolls for mony years (see,
for example, Nosh kin ~nd Robison 1997; this volume).
The lagoon water mass containing the ‘37CS is continu-
ously transported over the reef or through the passes and
eventually exits the atoll tind mixes with the north
equatorial Pacific water mass.

Son~e slight difference could be assigned to the
estimated effective half-life for “(’CO at Enewetak und
Bikini. However. it would appear thtit most of the



radionuclidc is lost from both environments by radioac-
tive decay. Little enters the water column from the
sedimentsa sadissolveds Decies. Most “°C()accumulated

by fishes must be derive’d from food and sedimentary
particles passing through the gut rather th~n direct uptake
from water.

The results from the analvsis of the “’7Bi in the.
indicator fish species suggest a dit’fcrcncc in behavior at
the two Atolls. At Enewetak the radionuclidc is lost from
the environment with an effective h:llt’ Iitc of 5. I v. The.
radionuclide is mobilized from the sedimentary reservoir
at a rate similar to 1~7Cs and is then diluted with ocean
water and is eventually transported from the Atoll. On
the other hand. onlv radioactive decav mav account for. .
the rate at which the radionuclidc is ‘disappearing from
Bikini I:lgoon. Again most body burdens of 207Bi in fish
from Bikini must be dcrited from material passing
through the gut rather than from the water. The different
behavior of 207Bi at the Atolls must be controlled by
different chemic~d-physical properties ot’ the contami-
nated particles retaining the r~dionuctide.
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APPENDIX A

Table Al. Concentration of’ ‘‘7 60Cs, Co, and ‘07Bi in tlesb (muscle) of fish caught between 1964 and 1995 from islands

of Enewetak Atoll.

Fish ct)mmrsn Collection Island Number Of Bq kg ‘ Bq kg ‘ Vo Bq kg ‘ ~/r
Sample ID name @Jte hrcator fish/sample wet ‘ ‘7CS 170errOrh wet 611co errorb ~e( 207Bi errorb

(1)’
(1)
9 I 09
g509
(1)
(1)
(z)~

2610
g586
g552

9103
(1)
(1)
(1)
52g(j

9115
g529
(1)
g822
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
msa394
(2)
5302
msa677
(2)

msti548
j286
Z417
7385
g637
j424
j428
z420
Z409
z838
Z86 I
z846
(1)
(1)
g809
(1)
(1)
(2)

g62 1
2633

Butterftyfish Aug-64
Damselfish Aug-64
Goatfish Nov-78
G(]atf’ish Aug-83
Grouper Aug-64
Grouper Aug-64
Mullet-C N()\-72
Mullet-C Apr-76
Mullet-C Aug-83
Mullet-C Aug-83
Mulle[-N NOV-78
Snapper Aug-64
Squirrelfish Aug-64
Surgeonfish Aug-64
Surgeonfish May-76
Surgeunfish Nuv-78
Surgec)nt’ish Aug-83
Triggertish Aug-64
Ulua Aug-83
Wrasse Aug-64
Grouper Aug-64
Gr<~uper Aug-64
Mullet-N Aug-64
P~rr{)tfish Aug-64
Surgeonf’sh Aug-64
Surgeonfish Aug-64
Triggerfish Aug-64
Goatfish Jul-81
Mullet Nov-72
Mullet-C Mar-78
Mullet-C JuI-8 I
Snfipper Nov-72
Surgeonfish JuI-8 I
Brrnito Sep-84
Flagt~il Feb-94
G{~atfish Nr)\-78
Goatfish Aug-83
Goatf”ish Sep-84
Goatfish Sep-84
Goatfish Nov-93
G(>atfish Feb-94
Goutfish Feb-94
Go~tfish Nov-94
Goatfish May-95
Gr{~uper Aug-64
Gruuper Aug-64
Grouper Aug-83
Jack Aug-64
Mullet-C Aug-64
Mullet-C Nrrv-72
Mullet-C Aug-83
Mullet-N Apr-76

E-
2
~
2
~

2
2
2
~
2
2

2
2
2
2

2
‘2

2
2
2
~

5
5
5
5
5
5
5
9
9
9
9
9
9

10
10
It)
I ()
1()
1()
1()
1()
10
I()
I()
10
I()
1()
1()
10
10
10
I ()

3

1()
22

26
1
I
I
4
9
6
17
I
3

1
52
22

16
3

I
6
9
~

2
2

3
5

I
34
I
16
62

4
52
1
I
26
27
18
17
3
5
16
7
8
5
1
10
1
5
2

15

19

13,9

15.5
1.5
2.0

11.4
8. I
5.1
7.8
3,()
5.9
2.5

27.7
9,()

18.7
x, 1
6.7
9.6

6.2

4,7

17.9

130,4

1.7
35.()

7,8
3.1

17,1
15.3
6.8
1.8
I .4
1,9
().8
1.1
0,3
I .5
().2
().9
I
7,2

29,3
2. I

I ().6
25.3

1.1
I .5
().9

4
6

14
2
6
2
4

~

3

2

4

5
5
2

7
8
~

4
44
11
13
13

30
>100”

21
> I 00
>Ioo
>1 ()()

5

23
4
6

105.9
70.1

6.4
4.()

11.4
32.6
30. I

8.9
4.8
4,0
9,0

5[.3
23.6
43.2

6.4
3,0
1.1

203.7
2.1

75.()
30.1
21.2

171.1
6.3

37.5

211.9
75.()

10,3
163.0

1.3
~7.~

89.6
2.4
9.9
‘2

13.2
14,()

4.5
8,()
I
1,7
1,8
1
2

().8
57.()

464.4
3.6

I .()
2.4

~
3

5
~

4
3
2

2
6
7

7

2

3
5
1
4
5
3

>100
2
2
3
4

> I 00
15
29

>1 ()()

> I00

11

91

5
3

12.3 ~

26.5 2

15.5
17,9

1.1 38
0,4 7
(). I > I ()()

().2 26
(),2 In

26.9
6,9

().4 II
(), I >100
().I 30

21.2
11.4 ~

8.1
36,7

49.0 1
1.6 45
0.1 >100
(). 1 > f (x)

I > I ()()

(). I >100

4.5 5
I >1 ()()

241,9 2

524.5 ~

75.0 1
437,2 2

8,2 4
109,9 6
495,4 1

29.2 I
5.6 8

15.2 I
48.9

().4 60
().0 ~ I ()()
(),1 14



Racfionuclides in tish frrrm Bikini and Enewetak Atolls ● V. E. NC)SHKIN F:T AI..

Fish common Collection Island Number of’ By kg ‘ By kg ‘ o/c Bq kg ‘ 7[
Sample ID” name date locator fish/sample wet ‘ 37CS % errorb wet ‘l)Co errorh wet 207BI errorh

61

92~~
g6~7

Z.41()
(1)
(2)
5312
msa I 44
g813
g815
(1)
(1)
7377
g632
/.42 1
L411
2837
L865
z863

(1)
g811
j~~g

msa I 38

msa98

msa92

264 I
9260
527(J
5278

7275
Loll
Z078

(~)
(2)
(~)

(2)
(2)

(2)
g820
z852
(1)
msa24
msi30
msa692
z088
Z834
Z848
1850

z867
(2)

(1)
9165
msa44
msa36
g647
z862
2618
msa66
msa74
msa467
msa834
g642
Z414

z836
Z866
msa62
(~)

ZX57
msa82

Mullet-N
Mullet-N
Papio
Parrotfish
Parrotfish
Parrott”ish
Snapper
Snapper
Snapper
Surgemrfish
Surgemdish
Surgemrt”ish
Surgermfish
Surgeonfish
Surgeunfish
Surgerrnfish
Surgecmf’ish
Surgeonfish
Triggerfish
Triggerflsh
Ulua
Btmitn
Mullet-C
Mullet-C
Mullet-N
Mullet-N
Surgemrflsh
Surgeonfi\h
Surgeonfish
Surgeonfish
Goatfish
Mullet
Parrotfish
Snapper
Snapper
Snapper
Ulua
Barracuci~
F)agttiil
Goatfish
Goat f:sh
Goatflsh
Goatfish
Goatfish
Go&tfish
Goatf’ish
Gnat fish
Goatfish
Grouper
Hal fbeak
Mullet-C
Mullet-C
Mullet-C
Mullet-C
Mullet-C
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Mullet-N

Mullet-N
Mullet-N
Mullet-N
Mullet-N
Parrutfish
Parrnt fish
Parrnt fish
Snapper

Jan-77
Aug-83
Feb-94
Aug-64
Nov-72
Nov-78
Sep-80
Aug-83
Aug-83
Aug-64
Arsg-64
No\-78
Aug-83
Nov-93
Feb-94
Feb-94
Nov-94
May-95
Aug-64
Aug-83
scp-84
Sep-80
Sep-80
Sep-80
Apr-76
Jun-77
May-76
May-76
Nov-78
Nov-93
Nov-g~

Nov-72

Nnv-72

Nov-72

Nrr\-72

NOV-72

Nuv-72

Aug-83

N(>v-94

Aug-64

Sep-80

Sep-80

JuI-8 I
N[Jv-93
Nnv-93
Nov-94
May-95
May-95
Nov-72
Aug-W
Nov-78
Sep-80
Sep-80
Aug-X3
Mxy-95
Apr-76
Sep-80
Sep-80
Jut-xl
Jun-82
Aug-83
Feb-94

Feb-94
May-95
No\,-72
Sep-80
No\I-94
Sep-80

E-

lo
1()
I ()
I o
1()
lo
1()
I o
10
I ()
10
10

I o
1()
I ()
1()
1()
1()
lo
1()
10
19
19
19
19
19
19
19
19
19
20
20
20
20
20
20
20
24
24
24
24
24
24
24
24
24
’24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

24
24
24
24
24

3(I
34
3

1
I
I
I
4
4
I
5
54
31

II
10
]2

58
24
2

1
~

I
5

35
29
58
28 oceon
40 ocean
46
II
7
I
1
2

I
4
I
I
9
5
42
42

34

16
15
29
57

18
1
1()
22

14
30

33
6
22
29
29
21
16

5
5
17
55
2
~

6
1

().5
0.3
0.9

97.8
8.0
6.9
I ,9
I.1
2,5

[2,2

20.4
5,1
5.0

2.[
4.3
],~

z,?

2.x

0.5
7.()
2.3
().8
3.5

().4
().3
4.0
2.3
9,2

I .0
~

I
3,4

2.6
1.1
1
2.0
1.6
1.1

0.6
1.4
2.()
I
0.5
I
I
o
2.8

I .()
1.1
0.3
1.1
0.0
0.8
().6
0.3
0.5

0.7
0.7
I .4

1.6
I
4.2

2.6
5,6

1.8

6
18

> I ()()

9
3

Is
17
6

~

3

28
9

63

28
13

30
~

7
20

4
8

5
20

4
I

40
>100

>100
17
28
2f

> I ()()

21
13
31

4
~

7
> I 00

63
> I of)

>100
>100

27

2
3

5
5

>[00
2

4
8

12
20

lx
64
49

>1 ()()

61
3
4
3

4.0
0.3
1

13.0
2
0
6.3
1.5
4.0
5.8

0.4
0
2
1
1
2
1

31.0

9,0
0.8
5,1
1.5
3,2

1.3
1.0
0,8
0,9
1.0
1
2
1.5
2
2
0
1
0
0.8
I

264. I
0.3
5.7

22.6

6.0
2.4
1.2
2
6.3

67.3
5.5
1.5
0,8
0,9
1
6,6
0.7
0.7
2.3
2.2
1.5
1.7

2
1
0.6
I

10.3

I
[5

>100

>100
>100

8
II
3

8
> I ()()
>1 of)
>1 ()()
>1 ()()

> I 00
>1 ()()

~

6
3

21
4
4
3

8
9
x

> I of)
> I ()()

()
> I ()()
> I ()()
>100
>100

>1 ()()
14

>1 ()()

1
1
~

I ()
21
J?

>100

16

2
~

5
6

>100
~

23

6
3

7

10
23

> I ()()
> I (M)

5
> lo{)

~

0.5
0.0
9.0

10.6
().6
0. I

31.2
12.()
38.7

(). 1
(). 1
1
0,6
1
1
().5

12.5
3.5

6.9
(). I
(). I

().2
().()
0.0
().()
().9
4
().7
().2
().7
I .0
I
2.()
7.1
().8

I 02.2
12.6
25.()

19.9
14.4
9. I
6.6
3,7
3,6

21.3

(),0
().()
().0
().0
0.6
0.5
0.0
0.0
0.0
0. I
(). I
1
2

I
().5

(), 1
0.4
9,7

3
>100”

3

>I(w
> I 00

1
2

1

> I 00
>100”
>100

> I ()()
> I ()()
> I of)

>1 (x)

~
~

3
>1 ()()
> I ()()

6
> I 00
> I ()()
> I ()()

>100
> I ()()
> I ()()
>100

>100
25

> I ()()

26
~

>100

~

I
8
~

3

7
9

II

4

32

27
34

> I of)

> I 00
II
80
25

> I ()()

>1 ()()
>100
> I 00
>1 ()()
> I 00

>100
?4

> I ()()
2
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Fish common Collectimr Isltind Number of Bq kg ‘
Sample ID name date locator fish/sample wet ‘37CS

msa88
g807
(1)
5294

7377

9171
msa58

msa52

msa828
g652
Z09 I
z412
Z835
zn49
z851
Z843
L844
z845
(2)
(2)
(~)
(~)

9254
2602
(2)
5232

(2)
(2)

(2)
(~)

2625
(2)
(2)
5239

7176
(2)
(1)
(1)
j736
(2)
(1)
5247

(2)
(1)
(1)
(1)
(1)
(2)
2594

(2)
msa132
msa158

g497
j283
msa 126
g503
j290

Snapper Sep-80
Snapper Aug-83
Surgeonfish Aug-64
Surgennfish May-76
Surgeonfish NOV-78
Surgconfish NOV-78
Surgeonfish Sep-80
Surgeonfish Sep-80
Surgconfish JuI-81
Surgeonfish Jun-82
Surgefmf;sh Au!_-83
Surgeonfish Nov-93
Surgemrfish Feb-94
Surgecnrfish Feb-94
Surgemrfisb Nov-94
Surge(mfish Nov-94
Surgecmfisb May-95
Surgeonfish May-95
Surgeonfish May-95
Tuna Nov-72
Tuna Nov-72
Tuna Nov-72
Ullal Nov-72
Grrtitfish Apr-76
Mullet-C Apr-76
Parrc)tfish Nov-72
Surgermfisb May-76
Snapper Nov-72
Uluti Nov-72
Grouper Nov-72
Grouper Nov-72
Mullet-C Apr-76
Parrotfish Nov-72
Snapper Nov-72
Surgeunfish May-76
Surge(snfish Nov-78
Ulua Nov-72
Grt~uper Aug-fr4
Grouper Aug-W
Mrrllet-C Sep-84
Snapper NOV-72
Surgennfish Aug-W
Surgemrfish May-76
Parrotfisb Nov-72
G(satfisb Aug-64
Grmrper Aug-64
Grouper Aug-64
Jack Aug-64
Mullet-C Nov-72
Mullet-C Apr-76
Parrotfish Nov-72
Barracuda Sep-80
Mackerel Sep-80
Mackerel Aug-83
Mackerel Sep-84
Ulua Sep-80
Ulua Aug-83
Ulua Sep-84

E-
24
24
24
24
24
24
24
24
24
24
24
24
24
14
24

’24
24
24

24
24
24
24
24
33
33
33
33

35
35
37
37
37
37

37
37
37
37
38
38
38
38

38
3X
39

43
43
43
43
43
43
43
45
4s
45
45
45
45
45

Bq kg ‘ VP Bq kg ‘ Q/c
0/0errOrb wet ‘(’CO errrrrh wet 2n7~i errOrh

1
I
1()
28 ocean
1()
51

28 south
74
50
57
27
5
8
42
62

60
46
9
5

I
1
I
2
5X
6
2
52

1
1
1
1
8
1
1
37

8
1
1()
1
8
I
10
40
I
5
1
I
1
2
II
1
1
I
7
~

I
3
~

4.9
1.8

52,()

1.6
5. I

14.4
1.7
7,9
9.7
9.1
5,4
8.1
4.7
4.5
I .7

1.8
I .9
I
3.7

2.4
1.3
3.9
().3
().5
().6
().8
1.1
4.6
4.5
4.3
o,~

15.()
().9
0.5
1.8
3.1

().2
2,6

1.0
0.3

85.0

10.2
I .0
2.8
2,4
2.1
2.4
I ,7
I .5
8,2

2.9
2. I

1
5

5
2
~
~
2
2
~

3

14
II
6

33

35
II

>100
II
21
33

22
16
13

83
13
38
15
13

lx
28

6
>100”

9
II
2x

II
33

7
’25

17
4

18
II
9
5

17
1
3

8

3.7

2.6
23,()

2.2
().4
2.3
0.3
(),6
I .()
(),6
0.7
3
1
I
I
2

2
I
1.8
9.4
6.8
3,2

11,1
6.9
(),9
0.4
0.4
3,1

1().2
1
3,7

().4
2

I
0.1
()

18.7
6.3
6.6
1.1

5.6
11,9

1.8
~

68,9
15.3
20.4
59,5

9.4
9.0
I
1.8
4,3

I ,9
()
3.7

I ,4
1.1

1
3

6
n
3

8
8

1()
17
27

>1 ()()
>100
>1 ()()

>100
> I (x)
>100

>1 of)
26
1()
1()
14
9
~

II
> I ()()

35

14
10

> I ()()

26
II

>1 (M)
>1 ()()

j?

> I 00

9

3

16

5
>100

18
4

> I of)

12

6
4

>100

2
5

1()

7.1
6.7

(),0
().()
().()
().0
0.1
(). I
0, I
(). I
2

().6
().5
1
1
1
0,4
().9
9.4
7.4
2.()
2.8

29.3
(). 1
().3
(),0
2.9
7,8

17,8
5,4
0.1
0.6
().6
o. I
(). I

48.()
5.8

12.8
0.0

16.2

0.4
0.9

64.6
12.8
54.4

7.()
().5
().9
().3

12.5
1,8
1,2

(). 1
5.8
1,3
3.()

‘2

I

> I O()
>100
> I of)

35

29
> I ()()
> I ()()
> I ()()

> I 00
> I ()()
>Ioff
>[00
> I of)
>100

>100
> I (x)

I ()
9

17
33

I
13

>100
> I00

1~
7
5

II
’23

>1 ()()
>100
> I(M)
>1 ()()

3

>100
5

8
>100

>Ioo
3

>100
3

10
5

>100

1()
4
4

‘ Sample ID used at Lawrence Livermore Natiurral Lab,

b No error was given for the 1964 data set. Elsewhere the I [r counting error is expressed as the percent of the value listed

‘ (1) data from Welander et al. ( 1967).

“(2 ) data from Nelsnn and Nnshkin ( 1973),

Notes:

2,579 total fish processed for 178 samples between 1964 and 1995. All results repnrted on date of collection.

163 measurements for ‘ ~7Cs; 90% reported above detection limits.

173 measurements for “(’CO; 7670 reported above detectiun limits.
159 measurements fur 2(’7Bi; 57Yc reported ubove de[cction limits,
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APPENDIX B

Table 2A. Concentration of ‘37CS, “(’COand ‘07Bi in flesh (muscle) of fish caught between 1964 and 1994 from islands
of Bikini Atoll.

Fish
common Collection Island Number of Bq kg ‘ Bq kg ‘ Bq kg ‘

ID” name date 10cator fish/sanlple wet ‘ 77CS ‘?0errorb wet ‘(’CO ‘!c errOrb wet 207~ i
YO errorb

(Zy’
9121

g576
Z423
(4)
~896

9133
a356
g56 1
Z415
Z859
(I)c
(4)
3458
(4)
91~7

z422
z853
(3Y

(4)’
(1)
9159
g515
g521

z4t9
(1)
(4)
(4)
(4)

(4)
2880
(})
(1)
(1)
(1)
(1)
(1)
[4)
7251
a233

z4t3
Z868
7245
a186
(4)
7224

g372
7418
(4)
a240

z8fr9
z86tl
(4)
(4)
7257

~z24

L416
7370
a84 1
j420
j422

Z8 1
z855

Goatfish
Goatfish
Goat fish
Gcrtittish
Mrrllet-C
Muliet-C
Mullet-C
Mullet-C
Mullet-C
Mrrllet-C
Mullet-C
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Mrrllet-N
Mullet-N
Snapper
Snapper
Surgeon
Surgeon
SurgeOn
Surgeon
SurgeOn
Trigger
Ulua
Goa[fish
Gr)atfi\b
Mullet-N
Mulle[-C
Butterfly
Grrruper
Jack
Surgeon
Tri.ggerfish
W rasse
Goatfish
Goatfish
Goatfish
Goatfi<b
Goatfish
Mullet-C
Mullet-C
Mullet-N
Mullet-N
Mullet-N
Mullet-N
Parrotfish
Parrotfish
Parrotfish
Perch
Queerrfish
Surgeon
Surgeon
Surgeon
Surgeon
Goatfish
Goatfish
Goat fish
Go~tfish
Goatfish
Goatfish

May-70
Nov-78
Aug-83
Dee-92
JuI-76
Jan-77
Nov-7X
Feb-8 1
Aug-83
Dee-92
Nuv-94
Aug-64
Ju1-76
Jan-77
oct-77
Nov-78
Dee-92
Nov-94
May-72
Jui-76
Aug-fr4
Nov-78
Aug-83
Aug-83
Dee-92
Aug-64
Nov-72
No\-72
Nov-72
Nov-72
Jan-77
Aug-64
Arrg-64
Arrg-64
Arrg-64
Aug-64
Aug-64
Nov-72
Nov-78
Feb-8 I
Dee-92
Nov-94
Nov-78
Feb-81
Nov-72
Nov-78
Jun-82
Dee-92
Nov-72
Feb-8 I
Nov-94
Nov-94
NO\-72
Nov-72
Nov-78
Feb-81
Dee-92
NO\-78
Sep-80
Sep-84
Sep-84
Dee-92
Nov-9q

B.
I
I
1
1
I
I
!
I
I
I
I
1
1
I
I
1
I
I
I
I
I
1
1
I
1
1
1

S of B-1
S of B- I
S of B-f

2
3
3
3
3
3
3

5
5
5
5
5
5
5
5
5

5
5
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6

14
33

II
5
6
8

jz

14
II

I
8

If)
6

14
1()
18
4

39

6
4
7
4

36
37

II
t
I
I

10
13

21
1
5
I
4
1
I
3

22
44

6
33

8
7

14
24
33

4
1
3
6
7
I

17
20
33
12
39
39
58
26

9
8

6.8
5.5
6.0
2,2

5.6

9.7
14.7
8.4
4.4
1.7
2.4

52. I
5. I
8.6
6.5
7,3
2.7
I
7.9
4.4

171.1
4,9

17.1
15.0
8,2

97,8
1().6
11.2

1.5
5.X

14.1

24.4

5.0
I .9
3.1

0.5
I ,3

13.8
12.6
3.7

2.2
2.5
0.9
3.5
8.6
0.3
0.6

29, I
17.1
8.4

11.8
4.4
().8
0.5
0,7
0,4
().5
I

33
3

6
35
[5
3

1
3
2

58
28

13
3

13
2

34
I 00

8
15

I
1
1
6

8
17
24
16
2

16
4
5

100
19

1
~

14
3
3

I 00
18
4

Iw
90

3
5
I

3
12
6

14
!6
24

100
100

101.4
21,2

6.7
6. I

12,3
11.2
33,2

8,2

2.5
3
~

798,5
15.7
18,8
13.1
15,9
6,5
0.8

25.6

8.()
67,6

8,6
I .2
1.6
1,9

260,7
5.x

I I 2,4

12,8
81,9
10,1

114.1
122

32,6
26,9
97,8
37.5
40.0
13,8
16.()
6,4
(),7
9,()

6.4
17,2
9.0
4.9
0.8

I .5
1
2

23.8
5.0
2.0
3.8
2.0
2.4
I ,2
1,3
1,1
2

().7

3

I
4

I o
7
2

I
3

26
I ()()
I (M)

6
3
7
I

13
I 00

3

1()

I
6
7

20

10
2

7
2
I

2
2
2

II
100

1
2
5

I
2

64

14
1()()
I 00

4
7
5

7
22

3
8

10
14

1()()
I 00

62.9
50.4
36,0
37.2

0.()
(). I
0.0

2

10.4

().0

0,0
I
().6

36.8

8.8

0. I
o. I
(). I
0.6

4. I
11.2
2,3

().()

43.5
3.3
2,1

I (). I
(),5
().()
(). I

0.()
0.0
(),7

().2
0.9
0.9
6.7

().()
().’2
().6
(),7
(),7
1.6
1.2
I
().5

3

2
4
2

100
21

1(m

I 00

100

I (M)
100
100

2

1()

I ()()
31

I 00
I (M)

II

8
II

I 00

2
8
4
7

100
I 00
I 00

100
100
I ()()

I 00
I (JO
100

8

1of)
I 00
I ()()

4
7
6
7

I 00
I ()()
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Fish
Cc)mmurr COllectmn lsl:md Number uf Bqkg ‘ Bqkg ‘

*D, name date lncatOr hsh/sample wet 117~s ‘/0 errur” wet ““CO

a372 Mullet-C
a848 Mullet-C
a253 Mullet-C

j734 Mullet-C
Z82 Mullet-C
a401 Mul Iet-N

g363 Mullet-N
(4) P~rrutfi sh
(1) Snapper
(1) Snapper
(4) Surgcun
7352 Surgecm
r83 Surgeon
z864 Surgeon
(4) Mullet-N
(4) Parrot fish
(4) Snapper
7263 Guatfish
2888 Mullet-N

7269 Surgcurr
(4) Gt~atlish
7200” Gotitfish
j415 Gnltfish
[1) Grouper
(5) Grouper
2860 Mullet-C
(1) MuIIcI-N
7194 Mullet-N
(4) P;lrrutIi\h
(5) Parrut fish
(4) Rudderlish

(1) Surgenn
(1) Surge(>n
(4) Surge(m
7188 Surgeon
285 I Mullet-C
1530 Mullet-N
(4) Guatt’ish
(1) L;tdyfi\h
7281 Goatfish
7293 Mullet-C
j730 Mullet-C
(4) Mullet-N
2872 Mullet-N
7299 Mullet.N

(4) Parrut fish
7287 Parruttish
(4) Surge(m
g62 I Surget~n
(4) Ulua
(4) Ulua
a967 Ulua
g421 Ulua
7311 Grrtitfish
(1) Grmrper
(4) Mullet-N
7305 Mullet-N

(1) Snapper
(1) Snapper
(1) Snapper
(1) Snapper
7346 Snapper
(1) Surgef>n
(4) Surgeun
(1) Trigger
(’2) Tuna
(3) Tuna

Sep-80
Sep-80
Feb-8 1
sep-84
Dcc-92
Fcb-8 1
Mi)r-82
oct-72
Aug-fr4
Aug-64
N()\-72
N{~v-78
Dec-9’2
Nuv-94
NOV-72
Nuv-7?
Dee-74
Nu\-78
Jan-77
Nuv-78
NOV-72
NOV-78
Sep-84
Aug-64
Apr-75
Jan-77
Aug-64
Nt~\-78
Nuv-72
Apr-75
Nnv-72
Aug-64
Aug-64
NOV-72
N(~v-78
Jan-77
Feb-8 1
oct-77
Aug-64
NOV-78
N{~v-78
Sep-84
Nuv-72

Jm-77
Nuv-78
Nov-72
Nuv-78
Nu\-72
Aug-83
NOV-72
Nuv-72
Jun-82
Jun-82

Nov-78
Aug-64
No\v-72
Nu\,-78
Aug-64
Aug-64
Aug-64
Aug-64
N(~v-78
Aug-ti
Nu\-72

Aug-64
May-72
May-72

B-
6
6
6
6
6
6
6
6
6
6
6
6
6
6

B-6 ocean
B-6 ucean

9
I ()
1()
I ()
12
]2
12
]~

12
]~

[2
\2
]~

]~
]~
12
1~
]~
~~

13

13
15

Is
17
17
17
17
17
17
17
17
17
17
17
17
22

22

23
23
23
23
13
23
23
23
23

23
23

23

lag{)(~n
Iaguurr

14
7
n

1~
~

38

31
1
I
1
3

55

7
53

14
3

I
~~

43
46
I ()
42

13
5

I
II
3

?1
3

I
I
3
5

6
64
~~

23

7
~

37

9
31

14
58
18
6
5

13
70

I
I
I
2

47
1
8

35

1
I
1
I
1
I
3
~

1
I

I .9
3,9
2,2

2,()
1.8

1.1
().8
8,6

19.6
6,7
3.6
6,2

2.9
1.8
2.()
4.5
().9
().5
(),6
1,7
[).7
(),7
().7
8.1
3.9

I .()

().3
4.()
3.3

14.7
6,9
2.5
2.3

().x
().4
7,?

1.8
3,3

[).5
1.6
1.5
().4
4,2
5,2

8.3
1.6
7.9
2.5

14,()
13,4

1.8

().5
0,8

5.4

4,7

26.3
7.5

3

4
4
‘2

20
1()
x

I ()

7
2

~~

21
19
15

60
6

1()
4

33

6
lx

23

6

}1
6

19

13
p

5
14
14

4
~

13
lx
4

I ()()
5
~

4
s
5

I ()
4
~

6

80
7

3

16

3
5

6.5
8.3
4.8
3,4

(),9
3.3

I ,9
2.2

61.1
5.6

1.3
(),7
~

2.8
11.3
(),7
~,~

1,5
7,8
1.()
7.1
3,5
().9

I .4
2.8

26.9
3.7

(),4

I,?

7.7
5.5

().6
().8
2.4
1.7

16.3
42.4

9,8
5,3

I .4
12,3
I 4.()
46.1

2.3

().7
5.6
(),2
4.1
5.5

1.8
2.()

14,3
30.1

27.6
15.2
74. I

89.6
~1,~

I 30.4

7.6
97.x

7,9

244.4
13.6
3,3

9; crrOrb

1
3
~

I
45

8
6

26

19
7

1()()
15
3

7?
42

3
~

14
4
~

18

63

6

2

60

36

57

6
5

x
I ()

2
~

7
~

I
~

1()
9

6
25
10
6
4
5

I

3

1

2

1()

7
12

Bq kg ‘
wet 2[)7Bi C/rerrr)rh

(),()
().()
().()
os)
().9
(). I
(),()

26.1

().()
I .()
().6

().8
(). I
().()
1,8
1.6
1.8

().()

(),()

().()
(),()
().()

5~,1

57.9

8,4
().()

().()

(),2
().4

().()

(),7
().3
4.1
I .4

z~,z

I ().6

().2
13.9
10,6
5.8

18.7
12,2

77,1
(),7

I ()()
I [)()
I ()()
I ()(1
I ()()

1()()
I ()()

100
I 00
I 00

3
30

I ()()
14
2

7

1()()

100

1()()
1()()
I [)()

5

~

I()()

1()()

13

1()()

I ()()

43
1()[)

10
5

I

20

2

1
43
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Fish
cOmtnOn Ctlllectitm Island Number of Bq kg ‘ Bq kg ‘ Bq kg ‘

ID” name date hrcat~)r fish/sanlple wet ‘ ‘7CS YC errorh ~e, />11co ‘k errorb wet 21)7~1
‘Ic crrnrh

65

(4)
(4)
(4)
(s)!
(5)

(4)
(4)
(4)
(4)
(4)
(4)
(4)
(-l)
(4)
(4)
(4)

Rainbow

Rflinbow

Bunitu

Mackerel

Snapper

Snapper

Snapper

Snapper

Snapper

Snapper

Snapper

B:~rmcuda

Bflrmcuda
Bcmitn
Mackerel
Ulul

7322 Jilck
7334 Mackerel

7328 Snapper
7340 Sntipper
~~47 Mackerel

j293 B(mit{)
j291 R:iinbuw
j292 Snapper
j294 UIU4

oct-72
N<)\-72
No\-72
Dee-74
Dee-74
JuI-76
JuI-76
Jul-7fr
JuI-76
JuI-76
oct-77
oct-77
oct-77
oct-77
oct-77
oct-77
Nr)\I-78
NOV-78
NOF-78
Nov-78
Feb-81
Sep-84
Sep-84
Sep-84
Sep-84

B-
lag~)on
lagOOn
lagOOn
lagonn
lagoon
lilgoml
lagnOn
lagoon
ldg(mn
lagorm
lagOun
lilgmm
lagnmr
lagoon
Iag(mn
laz(~mr

Iagnmr

Iag(mn

lag(~cm

Iag(mrr

Iagnorr

Iagnmr

Iagucm

lagnmr

I 1.5 63
1 9,9 9

I 4.9 8
1 6.9 6
I
1 1(). 1 8
I 21.1 8
1 41.5 7
I 50. I 5
1 28.4 8
I 40.4 6
4 6,4 II
1 18.5 9
I 5.7 19
I 2. I 46
1

37,8 2

9.() 5
17.7 6
().8 50
5,9 13
9.7 17
13.3 II
18.2 8
15.4 16
9.5 lx
3,1 16
5.6 16
2.9 30
4. I 28

3.7 1()
().7 43

16.8
34.9
25,9
31.9
15.4
30. I
5.3
26.9
1.6

6.5
1
I
2

1
1
1
1
I
1

9,5
?.9
().4
1,8
3.7

6.5
2,3

6.4
7.1

2 12.()
3 2,()

17 ~,’2

4 3,1
5 2.4
3 7.4
8 1,6
3 1.6
~ 3,6

2 4.5
5 f), I
65 6,?

4 0,4
7 0,3
3 6.6
II ().2
x 1,1

2 4. I

5
5
6
5

8
5

x
5
33

16

“Sample ID used at Lawrence Liverm~lre N~timral L*b.
‘Noerrorwusgi\en fnr the 1964 dtita set, Elsewhere the I frcnunting crroris expressed as the percent (~t’the value listed.
“(l)dattifrolm We]anderet al. 1967.

‘(2) data frmnHeld 1971.
C(3) da(ufrnm Lyncb. et al. 1975.

‘(4) clilt:lfrom Schellet al. 1978.
‘(5) data fr(~nl Nelson 1977.
N(~tc: l, X90t(~tal fish processed for 155 sample\ between 1964 tind 1994. All results reported on dute of collection.
138 me~suremen[\ for 137CS; 95% reported abovedetection.
150metisurements for Crr; 94% repnrted above detection,
Ill measurements for 207Bi: 58’1 reported tibuve cfetectiun.
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FINDINGS OF THE FIRST COMPREHENSIVE RADIOLOGICAL

MONITORING PROGRAM OF THE REPUBLIC OF THE
MARSHALL ISLANDS

Steven L. Simon* i and James C. Graham* 1

Abstract—The Marshall Islands was the primary site of the
United States atomic weapons testing program in the Pacific.
From 1946 through 1958, 66 atomic weapons were detonated
in the island country. For several decades, monitoring was
conducted by the U.S. Department of Energy (or its predeces-
sor- agencies) on the test site atolls and neighboring atolls.
However, 707c of the land area of the over 1,200 islands in the
Marshall Islands was never systematically monitored prior to
1990. For the 5-y period from 1990 through 1994, the Govern-
ment of the Republic of the Marshall Islands undertook an
independent program to assess the radiological conditions
throughout its 29 atolls. The scientific work was performed
under the auspices of the Section 177 Agreement of the
Compact of Free Association, U.S. public law 99-239, signed in
1986 by President Ronald Rea~dn. Although the total land
area of the nations is a scant 180 kmz, the islands are
distributed over 6 x 105 kmz of ocean. Consequently, logistics
and instrumentation were main considerations, in addition to
cultural and language issues. The core of the monitoring
program was in-,sitlt gamma spectrometry measurements
made on more than 400 islands. Native foods including coco-
nuts and other tropical fruits were sampled as well as more
than 200 soil profiles and more than 800 surfiice soil samples.
The fruits, soil profiles and surface soil samples have been
analyzed for all gamma emitters with an emphasis on deter-
mining concentrations of ‘37CS; the surface soil samples were
also analyzed for 23’’+24’’Pu. All measurements were conducted
in a radiological laboratory built in the capital city of the
Marshall Islands specifically for the purposes of this study.
The program was extensively assisted in the field and in the
laboratory by Marshallese workers. The interpretation of
environmental radiation data in the Marshall Islands required
thoughtful analysis because the atolls lie along a latitude and
precipitation gradient that effected the deposition of local and
global fallout. The objective of this paper is to report findings
for all atolls of the Marshall Islands on the ‘37CS areal
inventory (Bq m-2) and the external effective dose-rate (mSv
y–’ ), the projected internal effective dose-rate (mSv y–’ ) from
an assumed diet model, and surface soil concentrations of
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23’’”24’)Pu(Bq kg-’) for selected northern atolls. Interpretation
is also provided on the degree of contamination above global
Fallout levels. This report provides the first comprehensive
summary of the radiological conditions throughout the Mar-
shall Islands.
Health Pbys. 73(1 ):66-85; 1997
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INTRODUCTION

Tt{t: U.S. Atomic Testing Progratn in the Pacific was
conducted from 1946 through 1958 almost entirely in the
Marshall Islands. Though various monitoring programs
of the test site atolls and the atolls near the test sites have
been conducted during the 50 y since the testing program
began, the entire Marshall Islands had not been systetn-
atically monitored for residual radioactivity prior to
1990. For the 5-y period 1990 through 1994, the Repub-
lic of the Marshall Islands (RMI) Governtnent undertook
a radiological study of its 29 atolls to assess the radio-
logical conditions at locations nationwide. The scientific
work was performed as conceived by the Section 177
Agreetnent of the Compact of Free Association (COFA),
an agreement between the former Trust Territory of the
Pacific (now the RMI) and the United States (P.L.
99-239, 1986). The COFA, which provided the RMI with
cotnpensation for datnages resulting from the U.S.
Atomic Weapons Testing Program in the Pacific, speci-
fied the sum of $3 million to be used for radiological
monitoring activities and tnedical surveillance. The pur-
pose of this report is to present findings from the first
cotnprehensive r~diologicul monitoring program of the
entire Marshall Islands.

In February of 1988, the Nitijela (Marshallese par-
Iiatnent) of the RMI adopted Resolution No. 3. which
requested that the Cabinet of the RMl contract with
scientists to investigate the levels of residual radiation in
the Marshall Islands. The Nuclear Claims Tribunal$
undertook an international search for a suitable director
scientist and a group of advisor scientists. In late 1989, a
principal resident scientist (S. L. S.) was hired and an

~ The Nucletir Cl:lims Tribunal is a judicial body app[~inted by the
Nitijel~i wh[)sc purpose is to weigh evidence and provide fin~ncia]
~w:(rds for d:iln:~gcs Iron) the uto]nic testing progr;i!n,

66

R~Pi~dU~~d from the jol]rnal. Iiealth PhYs ~cs ~~i.th

pemi.ssion from the Health Pays’.,-.., “nci.ety



advisory group of non-US scientists was chosen (see
McEwan et al. 1997 for a report of the activities of that
advisory group).

Through the Section 177 Agreement of the COFA,
the authors of the Compact ensured that the RMI would
have the opportunity to conduct a monitoring program of
its own design and with consideration of’ issues important
to their nation. Though the technical design of the
radiological monitoring program was a product of the
primary author and the Scientific Advisory Panel, vari-
ous leaders of the Marshall Islands government had input
into the administration of the project. Thus, through a
cooperative effort between leaders of the RMI Govern-
ment, the resident scientist and advisors of varied exper-
tise. an independent study was conducted with complete
geographic coverage of the nation.

Historical context
Atomic weapons testing in the Marshall Islands was

conducted by the United States during the years 1946
through 1958 at Bikini and Enewetak Atolls in the
northwest corner of the archipelago. The early years of
the testing program, 1946 through 1951, were relatively
inactive (see Simon and Robison 1997). The total explo-
sive yield of the Marshall Islands testing program was
reported to be 1.07 X 108 tons TNT (U.S. DOE 1994):
7 1.8% of the yield was from the tests at Bikini Atoll and
28.2% was from those at Enewetak Atoll.

Bikini was the site of 24 tests including the first two
atomic explosions following the end of WWII (Opera-
tions Crossroads, shots ABLE and BAKER). Bikini was
also the site of the largest test the U.S. ever conducted:
CASTLE BRAVO (15 MT explosive yield). That partic-
ular test caused the most severe consequences of any of
the tests as a result of the exposure of Marshallese on
several atol Is downwind and due to the contamination of
land outside the test site atoll. Enewetak Atoll was the
site of 4’2 tests.

The people of Bikini and Enewetak were moved to
other locations before the onset of testing on their home
atolls. Up to the present time, neither group of people has
ever recovered the full use of their lands though the
communities are in various stages of rebuilding infra-
structure and ~~cilities for residence and industry. The era
of atomic weapons testing in the Marshall Islands left a
chronicle of technical data as well as social disruption,
misunderstanding about radiation, and, for the Bikini and
Enewetak people, several decades of displacement. The
history of the movement of the Bikini people is described
by Niedenthal ( 1997).

Radiological monitoring of the test site atolls and a
number of other limited locations was conducted numer-
ous times during and after the testing program. These
various surveys were mainly conducted by the Atomic
Energy Commission (AEC) and its successor agencies,
the Energy Research and Development Administration
(ERDA), and later the Department of Energy (DOE) or
its contractor laboratories. In particular, the AEC Health
and Safety Laboratory (HASL) conducted aerial gamma
surveys of the atolls immediately following the tests of

the IVY (Eisenbad 1953) and CASTLE (Breslin and
Cassidy 1955) series. HASL also accumulated data on
ground contamination by a network of fixed gamma
measurement instruments at many atolls. In addition, one
station of the HASL worldwide gummed film monitoring
network was located at Kwajalein Atoll in the Marshall
Islands. In addition to monitoring Rongelap Atoll in
1957, the AEC also monitored and cleaned Bikini to
Department of Defense and AEC specifications in 1969.
ERDA again monitored Bikini in 1957 and Brookhaven
National Laboratory conducted an external radiation
survey of five northern atolls in 1976. A large scale
cleanup program of Enewetak was conducted by the
Defense Nuclear Agency (DNA) in 1978-1980; the
DNA program included a large laboratory and i~z-.~ifu
monitoring program. In 1978 the DOE contracted an
aerial survey and ground sampling program of eleven
northern atolls and two islands using the services of
EG&G Energy Measurements Group, Lawrence Liver-
more National Laboratory and Brookhavcn National
Laboratory. The latter survey covered about 30% of the
nation’s area. Of these various monitoring programs, the
aerial measurements conducted by HASL had the widest
geographic coverage though the Northern Atol I Radio-
logical Survey of 1978 was conducted with the highest
level of spatial resolution. However, the Marshall Islands
nation was not systematically monitored in its entirety
until the implementation of the RMI Nationwide Radio-
logical Study.

Data from a nationwide monitoring program were
seen as potentially useful to a compensation program
under design by the Nuclear Claims Tribunal. Thus, the
Nationwide Radiological Study was designed and imple-
mented to provide radiological monitoring of the com-
plete geographic area of the chain Of atolls that forms the
RM I as well as to provide interpretation concerning
possible radiation effects on human health and the
environment (Simon et al. I993).

The Nationwide Radiological Study (NWRS) was
designed to fulfill the following goals:

1.

2.

?. .

4.

To establish the geographic extent of fallout radioac-
tivity throughout the RMI and to determine the
present and future levels of radioactivity. Where
possible, the past levels were to be determined;

To reassess the radiological conditions of Bikini,
Enewetak, Rongelap and Utrik Atolls;

To provide advice to the RMI Government and to the
Nuclear Claims Tribunal on (i) effects Iikcly to be
associated with the derived radiation exposure levels,
(ii ) health conditions related to radiation exposure,
and (iii) to assist in the determination of exposure and
risk to individuals where appropriate or possible; and

To provide information to the public of the Marshall
lslonds which explain and clarify the findings and to
participate in educational activities concerning radia-
tion and radioactivity and its potential health and
environmental effects.



MATERIALS AND METHODS

Study design
During the planning phases of this study, numerous

options were explored to determine the most appropriate
and cost-effective technology for conducting a radiolog-
ical monitoring program. Various technologies were
considered, including an aerial survey with large volume
scinti Ilator detectors. However, because of the limited
budget of the study and the remoteness of the Marshall
Islands, the use of ~helicopters or fixed-wing aircraft was
viewed as excessively expensive. Other factors were
considered, including the simultaneous need to construct
a laboratory to support the staff and perform radioactivity
measurements on ‘food and soil sa-m~les. Ground-level
i~z-.~if~fgamma spectrometry was determined to be most
appropriate method in terms of providing useful data,
minimizing expense, minimizing fear among the indige-
nous population—as can occur with aerial surveys—and
providing an opportunity to employ Marshallese to assist
in the monitoring program. These attributes were viewed
as significant and important advantages over other meth-
ods.

A laboratory was designed and built in Majuro, the
capital of the Marshall Islands. The laboratory office
building provided facilities for drying fruit, tissue, and
soil samples, crushing and grinding soil, storing samples,
and performing wet chemistry including the extraction of
plutonium from soil. The laboratory also contained
facilities for gamma and alpha spectrometry as well as
office space for staff. This laboratory became the first
Marshall Islands Government institution of its type.

Sampling design considered sampling location
within each atoll and sample size (i.e., the number of
itl-.ritll gamma spectrometry measurements per atoll).
Islands greater than approximately 500 m in length in all
atolls received at least a single measurement. The choice
of sampling locations on each island was normally made
during the- course of the radiological survey by first
evaluating visual cues and other environmental evidence
to locate areas on each island with the least amount of
natural or artificial disturbance. Within these areas.
sampling locations were chosen at random except where
necessary to maintain a minimum distance of about 30 m
from the shoreline or manmade structures.

The inter~retation of i)?-.sit~zs~ectrometrv data from
situations wit~ aged fallout is g~nerally b~sed on the
exponential model to describe the vertical radioactivity
distribution in the soil column (Beck et al. 1972). Manv
locations with aged fallout and ‘without historical distu~-
bance have been documented to show an exponential
decline of radioactivity with increasing depth. Publica-
tions sDecific to the Marshall Islands have discussed the
variati~n in relaxation length; typical values reported
range from 7 cm to 15 cm (EG&G 1982; Graham and
Simon 1996).

The number of iit-sif~{ gamma spectrometry mea-
surements (sample size per atoll) was determined by
considerations of resource allocation as well as expres-
sions of the government or the local populace for

July 1997. Volutne 73, Number I

information of high detail such as might be needed for
evaluation of claims of land damage or to design reme-
diation programs. At the atolls of the southern Marshall
Islands, the sample size for ir~-.sit~tgamma measurements
was determined by the total counting time available
during a single survey mission. Atoll surveys depended
on logistical support from an ocean going vessel. The
types of support necessary included transportation to and
from the atoll, transportation between islands, providing
food, drinking water, shelter, electricity for recharging
instruments, and cargo space for carrying supplies of
liquid nitrogen for HPGe detectors and for samples
collected during the trip. Typically, ship support for the
survey of a single atoll was restricted to a maximum of
10 d with 7 d as typical because of the limitations for
carrying fuel and freshwater. /~J-sitL/counting time during
the survey of a single atoll was generally limited to 2 h
per measurement. Counting times of that length would
allow two teams (three to five members each) to conduct
up to sixty measurements during a week-long survey.

At atolls where historical data indicated significant
contamination, public and government interest was gen-
erally greater. At these atolls, systematic sampling was
used to ensure uniform geogr~phic coverage of the
islands. Square grids on 200-m centers were measured by
compass and tape; in-.~it~i measurement sites were chosen
near to the center point of each grid square except as
necessary to avoid shorelines, disturbed areas or man-
made structures. The overall average sp~tial density of
itz-.sittt gamma spectrometry measurements in the NWRS
was 10 per kmz (see Table 1).

Description of samples
Samples of several different types were obtained to

provide supplementary data to assist in the calibration of
itz-situ spectrometry instruments and also to provide
necessary data for assessment calculations. Sample anal-
ysis was also necessary to answer questions from the
local population concerning radioactivity in the environ-
ment and possible food contamination. At some loca-
tions, measurements with a high pressurized argon gas
ionization chamber and electrometer were made to ac-
quire data on the total gamma exposure-rate. Ionization
chamber measurements were not made routinely because
of manpower limitations. Every sampling location, how-
ever, was characterized by an itl-.situ gamma measure-
ment with a counting time sufficiently long to ensure that
the statistical counting error at one sigma confidence
level be not greater than i 10Yc. Standard geometry was
maintained with a 1-m high downward Facing crystal.

Surface soil samples were also obtained at many
measurement sites for the purpose of laboratory analysis
of transuranic radionuclides as well as for corroborative
measurements of gamma emitting nuclides. Three sur-
face soil samples, each 15 cm X 15 cm X 5 cm, were
obtained at random locations within 15 m of the HPGe
detector. The three subsamples were pooled to form a
composite surface soil sample that was intended to be
representative of the location of each i~z-.~itci gamma
measurement.
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Table 1. Summary data of monitoring program.

Atoll or island

Number nt
isllnds Number of

monitored in profiles
e:[ch :Ito]l per km?

Nunlhcr of
in -.silll

nleasurenlents
per km?

Number of
irt-.fifl{

measurements
per prOfile

Max/Min
sOil ‘ ‘7CS

Jabat lslimd
Kn(>x
Lih Island
Namorik
Arno
Ebon
Ujae
Kili Island
Majum
Ailinglaplap
Aur
Maloelap
Namu
Kwajalcin
Jaluit
Lae
Mili
Taongi
Eri!iub
Bikar
Wotho
Ujelang
WOtje
Jemo Island
Likiep
Tok~i
Mejit Islflnd
Ailuk
Utrik
Ailinginae
Rongeri!i
Rongelxp
Enew,etak
Bikini

I I .8
4 1,()
I ~,~

‘2 (),7

20 (),3

9 ().5
6 1.6
1 0.5
8 ] ,2

21 ().3
I () ().5
16 (),4

16 ().6

48 ().6
21 0.4

5 2.1
In ().3
6 (),9
6 I .3
3 2,()
7 ().7

13 3.5

21 ().5
1 ~,~

25 ().6
4 7,()
I ().6

20 ().6
4 I .6

19 4.3
8 5.4

41 5,3
31 2.6
15 2.8

3.5

4,()
5.4
2,5

2.4
3.6
6.8
4.3
4.8
2.5
3.()

2,8
6.8
5,2
~,’2

6.7
~,~

5,()

4.7
10.0
4,()

21.2
3.3

25.()
5.3

17.5
7,1
7.()

20.4
~~,g

13.5
35,6

28.5
16.5

2.()
4.()
2.4
3.5

7.7
7.()
4.3
8.3
4.0
9.1
5.7

6.7
10.7
9,5
9. I
~,~

8.()
5.4
3,6

5.()
5.7
6.1
6.7
4.()
9,2

2.5

11.5
12.6
12.8
5.3
4.4
6.7

1I .0
5.9

1.1
5,2
5,4

2.5
50,9

9.7
32.4

8,0
15.4
16.6
3.4

13.6

6.3
34,6
25.()

7.5
66.9

6,8
3.?
2.3
4.7

I 6.0
3,4
1.6
9,7

24.6
~~,~

10.0
6.8

I 30.0
190.0

29(K).O
341OO.O

3900.0

Ratio of
obser\,ed
]37CS to

global t’allout
e\timates

1.()
I .0
1.()
I ,0

1.1-2.1
1.()- 1.2
1.()- 1.3
I .()- 1,4
I .()-1.4
1.()- 1.5
l.()– 1.6
I,(LI.8
1.(>1.8
I .04.3
I ,()-1 0.7
1.1–2.1
1.1–2.1
1.1–2.1
1.3-2.6
1,4-2.7
1,5-3.0
1.7-3.4
1.9-3.8
2. 14.2
3.9-7,7

4.8-9,7
4.9-9.8
5.3-1 I .()

1I .(>2 I .0
33. W66.()
99. W200.()”

I 40.()-I 530.0
200.()-” I 300.0
820.()-165().()

To[al 432 nla” nla nfa nla nl>l
Meon I 2.7 1.8 9.6 6.6 1224,6 n/a
Median 8,5 I .0 5,3 6,() 9,9 nla

“n/a = nnt applicable.

Soil profiles sampled in 5-cm increments to a total
depth of 30 cm were also an important part of the
sampling and measurement program. Characterization of
the vertical profile of 137CS activity is a parameter of
considerable importance to estimating the areal inven-
tory. Over 200 soil profiles were acquired during the
survey of the Marshall Islands. Generally a ratio of 1 soil
profile to each 6 it?-,~itu gamma measurements was
maintained. Acquisition of all soil samples in the NWRS
was by non-mechanized means except in a few instances
when the NWRS was participating in intercomparison
exercises with DOE contractors (limited to Bikini and
Rongelap Atoll). Soil was carefully excavated by hand
from the sides of a hand dug pit and taken to the
laboratory in Majuro for processing and analysis. Further
details of the soil profile sampling methodology and the
findings are presented in Graham and Simon ( 1996).

Samples of locally grown food products were ob-
tained in limited numbers to assist in the determination of

the radiological conditions of the atolls. Generally plant
concentrations for a single radionuclide (e.g., ‘37CS) are
proportional to the specific activity of the radionuclide in
the soil within the root zone of the plant. However,
significant variations in uptake even at a single atoll are
often observed due to local variations of both the
contamination and soil characteristics such as drainage,
composition, particle size, organic matter, stable element
content, past salt intrusion, disturbance, etc., as well as
the health and age of the plants.

There are also substantial variations in plant:soil
ratios among different plant species. The most commonly
used food plant in the Marshallese culture and the most
common type of tree is the coconut palm (CfJcfJ.$ izt{crf-
er(~).Coconuts are used at many different stages of
growth and in a variety of prepared foods. The clear
liquid of the young coconut is an important source of
fluid replenishment for Marshallese. Thus, coconuts,
mainly of the young drinking stage, were sampled at all
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atolls. The sample size for coconuts was not uniform
among the atolls due to manpower and time constraints
during each survey. The liquid of the young coconuts (ni,
pronounced as “nee” by Marshallese) was emptied into
sampling bottles in the field; the soft meat of these
coconuts (mede or “m6-dee” in Marshal lese) was
scooped out and stored in plastic containers for return to
the laboratory.

Other sample types were obtained during the NWRS
though sample size was not equal among the atolls.
These sample types included breadfruit (Artocarpus al-
tilis), Pandanus (Pandanus spp. ), arrowroot (Tacca le[ltI -
topetafoide.!), lime (Ci/rus aurantifolia), coconut crabs
(Birgus lafro) and meat of the giant clam (Tridacnu
clam). An ancillary study was made of the 137CS concen-
trations in plants used in traditional Marshallese medi-
cine. The methodology and findings of that study were
reported by Duffy ( 1993).

Instrumentation and laboratory methodology
Sample preparation and analysis were conducted

according to laboratory protocols established during the
initial phases of the project. All fruit, animal, and soil
samples were dried to near 9990. Soils were crushed and
ground to a particle size of less than 1.3 mm and
thoroughly mixed in a rotating ball mill.

Laboratory precision and quality control was estab-
lished by implementing several programs including the
use of radioactivity standards traceable to NIST, repeti-
tive measurements, use of internal tracers for plutonium
analysis, participation in international intercomparisons
conducted by the IAEA Laboratory in Monaco, and by
conducting an in-house blind measurement intercompari-
son program with four international laboratories: Law-
rence Livermore National Laboratory (Livermore, CA),
the GSF Institut for Strahlenschutz (Munich, Germany),
the National Radiation Laboratory of New Zealand
(Christchurch, NZ) and Colorado State University (Ft.
Collins, CO). One gauge of the level of agreement was
the ratio of measurements obtained by the RMI labora-
tory to that of another participating institution. For
example, in a comparison with LLNL, the ratios for
137CS in coconut fluid, coconut meat and soil were
0.94 t0.06(1 SD, n= 12), 1.15 fO.08(1 SD, n = 12),
and 0.94 ~ 0.28 ( 1 SD, n = 61), respectively. In a
measurement of 239+240Pu in soil with three of the above
laboratories, there was a 2.7% coefficient of variation
among values reported. Corroboration of in-situ gamma
spectrometry measurements was more difficult to deter-
mine as there was no direct intercomparison exercise
conducted. However, comparison was made of external
exposure-rates on the islands of Bikini Atoll derived
from two independent sets of environmental measure-
ment data: ( 1) ground level in-.yitu spectrometry mea-
surements made with HPGe detectors in 1993 by the
NWRS, and (2) aerial (25 m) gamma spectral measure-
ments made with NaI detectors in 1987 by a contractor of
the U.S. Department of Energy (EG&G 1982). The data
were decay corrected to the same point in time. Almost
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without exception, islands that were very small in size
had poorer agreement than larger islands. For Bikini
Island, the average ratio between the two data sets was
nearly 1.0. The average of all 99 values compared was
0.78; 81 % of the ratios fell between 0.5 and 2.0.

In-.Yifu gamma spectrometry measurements were
made with high purity germanium detectors (HPGe) of
4070 nominal efficiency (relative to a 3 in. X 3 in. NaI
detector). These detectors were attached to 7 L liquid
nitrogen cryostats, which could maintain suitably low
temperatures in a tropical environment for over 3 d time.
The minimum detectable in-situ count-rate for ‘37Cs was
estimated to be ().0085 c s – 1 for a counting time of 2 h.
That count-rate corresponds approximate to 15 Bq m‘2
of 7]37CS. [r?-situ detection limits for 24 Am and 60C0
we_r$ determined to be approximately 100 and 10 Bq
m ‘, respectively.

Laboratory measurements for gamma emitters were
conducted with two electro-cooled HPGe detectors of
40% efficiency with extended low-energy response. De-
tectors were each housed in 1-inch-thick lead shields,
which were located in an air-conditioned building of
wood construction. The counting facility was built on a
bed of crushed coral that was dredged from the Majuro
lagoon. The building was surrounded on 3 sides by the
lagoon, approximately 4 m from the building, thus
ensuring a low background environment. The minimum
detectable concentrations for 2“1Am, 1‘7CS and 60C0
were estimated to be 2.0, 0.3, and 0.2 Bq kg-], respec-
tively, for a 12-h counting period.

Gamma emitters, other than naturally occurring
radioactivity, that were sometimes detected included
COCo, 137CS, 152Eu, 155Eu, 1[)2Rh, 207Bi and 241Am. The
detection of 1S2EU, 155Eu, 102Rh, and 207Bi was limited to
samples from the test site atolls.

Measurement of transuranic radioactivity was made
by gamma spectrometry in the case of 241Am and by
alpha spectrometry for 238Pu, 239Pu, and 24[)Pu. Pluto-
nium extraction was based on the method of leaching,
extraction with an ion exchange column followed by
microprecipitation onto neodymium fluoride mounting.
Minimum detectable concentration for plutonium iso-
topes was not explicitly calculated because in our proce-
dure the sample mass was adjusted, based on a prior
gamma spectrometry measurement of the ‘4] Am, to
maintain approximately equal counting times necessary
to maintain a measurement precision of f 1070 at I
sigma confidence level. The minimum detectable con-
centration was empirically observed to be on the order of
0,04 Bq kg-1 for a 12-h counting period.

Measurement of 90Sr/90Y” in soils and plants is also
of interest for purposes of determining contamination by
regional fallout and for assessing doses; however, these
radionuclides were not measured by the NWRS for two
reasons. First, resource limitations prevented incorporat-
ing measurements of strontium into the laboratory pro-
gram. Second, previous measurement programs of food
crops (e.g., Robison et al. 1988) showed that the concen-
tration of 90Sr in coconut milk was over 500 X less than
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for 137CS. Consequently, strontium normally contributes
only 5– 107r of the total projected dose.

Dosimetric evaluation
The radiological measurement data were used to

estimate the expected effective dose-rate in 1994 using
an assumed set of lifestyle and dietary assumptions.
Methodology used for estimating prospective doses is
discussed in Simon and Graham ( 1996) using a dietary
model reported by Dignan et al. ( 1994) and external and
internal dose factors from ICRP ( 1987; 1989).

For calculations of external exposure, building
shielding was incorporated based on the assumptions of
9 h per day indoors and the combination of house
building materials (wood) plus a coral gravel layer
s read around the house reduces the exposure-rate from
Y1-7CS by 50%. The value used for effective dose equiv-

alent per unit exposure from ]37CS was 0.00613 Sv R -1,
interpolated from data in ICRP ( 1987). Age-dependent
dose factors for internal dose were used for an assess-
ment to the Rongelap population (Simon 1995); in all
other cases, adult dose factors were used.

The dietary assumptions are an important determi-
nant to the magnitude of estimated doses. The dietary
data reported by Dignan et al. ( 1994) indicated that
locally grown food contributed about 18% of the total
caloric intake for the Rongelap community presently
residing on a small island in Kwajalein Atoll. Total
caloric intake-rates were estimated to be 1,900 f 100 ( 1
SE, )? = 48) and 2,750 f 146 (1 SE, r? = 68) kcal d- 1
for women and men, respectively. The residence of the
Rongelap people in Kwajalein Atoll, however, is tempo-
rary until resettlement of Rongelap Atoll can take place.
Because this group of people is receiving surplus USDA
food and financial compensation, their diet is minimally
applicable to other Marshallese communities.

The dietary model for the internal dose calculations
reported here assumes that 7570 of the dietary intake is
from a mixture of locally grown food, the remainder
being imported rice. The relative proportions of locally
grown food were extrapolated from the diet of Dignan. It
is acknowledged that few Marshallese eat a diet contain-
ing this high of a proportion of locally produced food;
however, this diet describes a traditional lifestyle diet
(including rice), which may be chosen by some Marshall-
ese. Regardless of the likelihood that individuals will
consume such a diet in the future, the calculations
presented here provide useful information to members of
the community who are considering resettlement of
Rongelap. Doses from other proportions of local food
can be easily estimated by sealing the findings presented
here.

Assessment calculations explicitly used radiological
measurement data from the atoll surveys or parameter
values estimated from the data. Soil concentrations of
‘37CS were estimated from the it~-situ gamma spectro-
metric measurements by averaging the area inventory
over the approximate root zone depth (30 cm). Those
data were combined either with empirical data on con-

centrations in food or used with plant:soil concentration
factors determined during the course of this study or
reported by other investigators (e.g., Robison et al. 1982)
to predict radioactivity levels in food and the subsequent
intake.

RESULTS AND DISCUSSION

The findings of the NWRS are presented here in the
same general form as presented to the Marshall Islands
Government (Simon and Graham 1995a,b,c,d,e) though
space limitations prohibit presenting findings of all
radionuclides for all locations and for all of the various
food products. The complete set of soil measurement
data is shown for the purpose of indicating the range of
data as well as the distribution of values. The data, shown
in graphical form, are presented by island from which the
samples were obtained, This presentation design best
supports the needs of the Marshallese since their tradi-
tional lifestyle is to build the tnain community on the
largest island and to use smaller islands of the atoll for
food gathering purposes.

Previous reports (e.g., Robison et al. 1982; Robison
and Phillips 1989) have shown that 137CS easily contrib-
utes most of the external and internal dose to present and
future inhabitants of the atolls. This premise was exam-
ined both by measurement and computation and appears
to be a valid conclusion. Hence, the findings presented
here emphasize 137CS. Measurements of transuranic ra-
dioactivity were also made for completeness and because
of public interest though calculations show that the dose
commitment is small under any but extremely unusual
circumstances. The importance of plutonium measure-
ments may lie more within the realm of public perception
of risk. The graphs of plutonium measurement data that
are presented here also indicate the range and distribution
as well as spatial variation among islands.

The i~z-.~it~igamma spectrometric measurement data
were used to produce estimates of external exposure-rate
from the primary gamma emitting radionuclides still

~~:::t ~~h~, terrestrial environment, including ‘37CS,
Co. Because of the low environmental

levels of 60C0 and the low penetrating power of ‘AIAm
photons, only 137CS contributes significantly to the
exposure-rate and, hence, to the external dose. Only the
exposure-rate due to 137CS in the soil is reported here
because the addition of the exposure-rate from ‘~ 1Am
and 60C0 increases the exposure-rate by less than a few
percent, well within the possible error of the 137CS dose
estimates.

Fig. 1 shows the data set of areal activities (Bq m 2
137CS) estimated from in-situ gamma spectrometry mea-
surements. The atolls are ordered from left to right in this
figure by the maximum value observed at each atoll. The
atolls of Kwajalein, Rongelap, and Enewetak are divided
into north (N) and south (S) sections either because of the
extraordinarily large size of the atoll (Kwajalein) or
because of a significant south to north contamination
gradient over the atoll. The areal activity values, as well
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as the external effective dose-rates, span five orders of
magnitude. The data for about 10 atolls are not signifi-
cantly different from the mean expected value of global
fallout 137CS today at mid-Pacific latitudes.

Estimates of global fallout in the mid-Pacific were
obtained from published data (Harley et al. 1960; Larsen
1985) and decay corrected to 1994. Data of 90Sr deposi-
tion were used to derive cesium estimates by assuming a
production ratio of 137Cs/yoSr of 1.6. The data on global
fallout have been examined with respect to latitudinal
and precipitation variation, Generally, global fallout
deposition increases with increasing latitude in the north-
ern hemisphere though it is also a strong function of
annual precipitation rate. Within the Marshall Islands
archipelago, a strong north-south rainfall gradient exists
with annual precipitation of 300 cm typical in the
southern atolls and 100 cm in the northern atolls. Thus,
the possibility of higher deposition in the northern atolls
was likely offset by the lower rainfall there. We believe
the expected contribution from global fallout across the
atolls of the Marshall Islands to be relatively constant
because of this opposing effect and ~Vestimated to be
presently between 400 and 800 B~ m “ of 137CS.

The activity ratio of 137CS to ‘39+240PU from global
fallout was investigated in the early 1970’s by the AEC
Health and Safety Laboratory (HASL) and determined to
be a constant value in the north temperate zone. Based on
further data collected by the HASL in 1979, the best
estimate of the ratio in 1979 was determined to be 53 f
0.5 ( 1 SD) (Beck and Krey 1983). Decay correcting this
value to 1993, the mean date of the RMI measurements,
would give a ratio of cesium to plutonium of 38.4 t

0.36. Thus, the best estimate for plutonium in the
environment of the Marshall Islands from global fallout
is between I I and 22 Bq m–z. Assuming unit density for
the top 5 cm of soil and a uniform distribution within this
layer, the contribution of plutonium from global fallout is
estimated to be between 0.2 and 0.4 Bq kg 1. Different
units have been used to describe the global contributions
for cesium and plutonium because plutonium has not
migrated downward to any significant degree and is
almost entirely resident in the top 5 cm except where the
soil has been overturned by natural events, animals or
humans.

The external exposure-rates in only a very few
locations, e.g., the northern islands of Enewetak,
Rongelap and Bikini Atoll, would be considered to be at
levels inappropriate for public residence (several mSv
y-1 ). These locations_ correspond to areal inventories
greater than 10~ Bq m ‘. There are a greater number of
locations where careful consideration needs to be given
to the interpretation and advice offered to Marshallese
concerning radioactive contamination of food crops. The
mobility of 137CS into plants via root uptake is enhanced
in the coral soil environment relative to most continental
locations because of the absence of clay minerals and the
very low levels of potassium in the soil. Thus, in some
locations on the atolls of Enewetak, Bikini and Rongelap,
concentrations of ‘37Cs in important food crops may be
higher than 1,000 Bq kg-1 by up to a factor of 10X or
20X.

There is little international guidance available to
suggest limits on radioactivity in foods except for the
purpose of limiting international commerce of contami-



nated foods as set by the Codex Alimentarius Commis-
sion (WHO 1988; FAO 1991) of the Food and Agricul-
ture Organization of the United Nations (FAO) and
World Health Organization (WHO). Similar levels were
recommended by the International Atomic Energy
Agency (IAEA 1994) as a generic intervention level to be
applied following the accidental release of radionuclides
for the specific case where alternative food supplies are
readily available. Neither of these situations, however,
are exactly applicable to previously contaminated lands.
Because coconut milk and coconut meat are so important
to the traditional Marshallese diet, and the fluid in some
cases is the main source of liquid replenishment, careful
evaluation is required concerning any recommendations
to limit the use of local foods. The Codex limit of 1,000
Bq kg-’ has been useful, however, for judging the
severity of contamination. Recommendations have been
given to the Marshallese that lands should be remediated
if they are contaminated to a degree such that food
concentrations result significantly in excess of the Codex
recommendations. Remediation for 137CS may be accom-
plished most easily by soil amendments of potassium
(Robison and Stone 1992).

At each atoll, a range of soil cesium values or
exposure-rates was observed (see Table I ). Ratios of the
observed maximum to minimum values were usually less
than a range of 50 (80Yc of atolls) though many were
closer to a range of 25 (707c of atolls) and the median
range was 10. This range of vtilues is considered to be the
result of both variations in the original deposition over
the atoll as well as the result of weathering effects
(downward migration, erosion) and human or animal
disturbance to the soil.

Some indication of historical soil disturbance was
evident by the percentage of deep soil profiles (0–30 cm)
that deviated from the negative exponential model.
Nearly half of 202 profiles sampled from the entirety of
the Marshall Islands did not strictly fit a negative
exponential model as indicated by a regression coeffi-
cient of determination (rz) s 90Yc (Gr~ham and Simon
1996), though only a few deviated severely. Profiles
showing extreme evidence of disturbance were generally
limited to very small, erosion prone islands. Such devi-
ations lead to increased uncertainty in calculations of soil
inventory and exposure-rate; however, locations where
there was evidence of previous soil movement or con-
struction activities were generally avoided for making
measurements. The range of data was not exaggerated by
using sites expected to be unusually low; sample sites
were chosen to avoid beach or highly eroded areas. Only
five atolls had an observed maximum to minimum ratio
for soil cesium that exceeded 100: Ailinginae, Rongerik,
Rongelap, Bikini and Enewetak.

Other summary information of the measurement
program is provided in Table 1. Included in this table is
the number of islands monitored from each atoll, the
number of soil profiles per km~ in each atoll, the number
of itt-si?tl gamma spectrometry measurements per kmz in
each atoll and the number of in-sitll measurements per

soil profile. Generally, higher values for the three latter
variables were indicative of small, separate reef islands
(e.g., Jemo, Lib, etc. ) or atolls of greater public interest.

For purposes of communicating with the public on
the issue of relative contamination of the atolls, each atoll
was ranked according to the relative degree that its
deposition exceeded that from global fallout (Table 1).
Four atolls ( 12%) had soil cesium levels not different
from the mean expected global fallout level. Another
nine atolls (22Yc) were possibly not different or only
slightly above the mean global deposition. Seven atolls
(21 %) exceed the mean global fallout level by more than
10 times and 4 atolls ( 12%) exceeded it by more than 100
times.

A distinct pattern of increasing soil inventory with
increasing latitude was observed. This pattern was gen-
erally expected due to the location of the test sites in the
northern part of the nation and because the normal
direction of the tradewinds is roughly along lines of
constant latitude. Fi T. 2 shows the maximum value of
areal inventory of ,.3}Cs (Bq m ‘) from each atoll plotted
as a function of latitude.

The maximum value of deposition at each atoll can
be interpreted to be closest to the original value of
deposition at each atoll after accounting for radioactive
decay. This is most likely a good assumption for atolls
that lie at distances of 100 km or more from the test sites
though it is less certain for the test sites or nearby atolls.
All islands in the Marshall Islands are coral and are
virtually flat with highly porous soil with the result that
precipitation is quickly absorbed into the soil. Standing
water following storms is very rare; furthermore, there is
no apparent erosion from runoff that might lead to
collection of radioactivity in localized areas. The weath-
ering process, in general, decreases the radioactivity
inventory in the upper soil horizons over whole islands
and does not result in localized variations. Regardless
of the soundness of these hypotheses, the strong
gradient in area] inventory with changes in latitude
was clearly observed. Atolls at latitudes greater than
9° N show some evidence of having received local
fallout deposition.

The predicted external plus internal effective dose-
rate from 1-’7CSordered by atoll median for the diet of
75Yc locally grown food is shown in Fig. 3. The range of
uncertainty (9570 confidence interval) was determined to
be approximately a multiplicative factor of 2.5 in either
direction. This range was determined from stochastic
calculations discussed in detail in Simon ( 1995) and in
brief in Simon and Graham ( 1996). The calculations
account for the variability of caloric intake among
individuals, plant:soil concentration ratios and the range
of soil concentrations typically encountered in a single
atoll environment. In these calculations, however, the
proportion of local food is set to be a constant value
because various scenarios for the proportion of local food
were examined separately.

Detailed data are presented in this paper for the
islands of the test site atolls Bikini and Enewetak as well
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Fig. 2. Maximum observed value of ‘ ‘7Cs in soil of ~tolls ut’ the Marshall Islands (Bq m ‘) ~s :Lfunctiun of Ioliludc
(Kwajalein, Rungelup and Enewetak are divided into s(~uth find n{>rthporti(ms ).

‘‘7CS

as the islands of the other northern atolls within or near listed above: external effective dose-rate (mSv y 1) from
to the centerline of the fallout trajectory of the BRAVO 1-77CS,external plus internal dose-rdte from 137CS for the
event (see DNA 1979 for four similar cloud trajectory 75% local food diet (mSv y-’), and measurements of
projections). Those atolls include Rongelap, Rongerik, ‘3’)’ZA(’PUin soil (Bq kg 1). Figs. 4 through 6 are for
Ailinginae, and Utrik. The remaining figures in this Enewetak Atoll. Figs. 7 through 9 are for Bikini Atoll,
section present data for individual islonds within these Figs. I() through 12 are for Rongelap Atoll, Figs. 13
atolls. Three figures are shown for each of the atolls through 15 are for Ailinginae Atoll, Figs. 16 through 18
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are for Rongerik Atoll, and Figs. 19 through 21 are for
Utrik Atoll.

For each figure, there are two reference values
useful for comparison purposes: the level of radioactivity
resulting from global fallout and the average background
radiation dose to typical Marshal lese. For those figures
showing only external dose-rate (Figs. 4, 7, lo, 13, 16,
19), a useful comparison is the external effective dose-
rate from global ftil]out cesium. This value (gray band) is
based on our estimate of 400-800 By m z deposition of

137CS in the mid-Pacific. Our calculated dose-rates for
this case are between 1.5 X 10 ~ and 3 X 10--3 mSv y ‘.

For those figures showing externol plus internal dose-rate
(Figs. 3, 5, 8, 1I, 14, 17, 20), a useful comparison is the
external plus internal dose-rate from global fallout ce-
sium and based on a diet of 7570 locally produced food.
The range of possible dose-rates in this case is wider than
for the external dose-rate by a factor of 2.5X to account
for the additional uncertainties in food-chain transport
and in dietary assumptions. Our calculated dose-rates for
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this case are between 5.6 X lo-3a nd6 .75 X lo-z mSv

Y‘l. For those figures showing surface soil concentra-
tions of 239+240Pu(see Figs. 6,9,12,15, 18,21 ),auseful
comparison is the concentration of plutonium expected in
the soil from global fallout. Our estimated concentrations
range from 0.2 I to 0.42 Bq kg– 1. That range of values
was derived from the ratio of cesium:plutonium dis-
cussed earlier and the deposition of cesium expected
from global fallout.

An additional reference value useful for developing
a perspective of the dose-rates shown here is the average

background radiation dose received by typical Marshall-
ese. It has been known for decades that natural radioac-
tivity in the terrestrial environment is much lower in
CO~dl soils than in volcanic soils and the contribution of
cosmic rays is lower at locations close to sea level. Thus,
without dietary sources of radiation, the background dose
in the Marshall Islands would be much lower (approxi-
mately 0.24 mSv y– 1 for the sum of terrestrial and
cosmic radiation) than at continental locations. However,
because the typical diet of the indigenous people of the
Marshall Islands depends greatly on seafood, the back-
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Fig. 8. Islands of Bikini Atoll: external (including building shielding) plus internal effective dose-rate from ‘17CS
assuming a diet of 75Yc locally grown food (mSv y ‘).

Fig. 9. Islands of Bikini Atoll: surfiace soil (()-5 cm) concentr~tions of ‘f ’)24”Pu (Bq kg ‘).

ground radiation dose is substantially increased due to
ingestion contributions of 210P0 and 210Pb in fish. The
total average background radiation dose to Marshallese
was reported by Noshkin et al. ( 1994) to be approxi-
mately 2.4 mSv, not much different than experienced
elsewhere. However, as discussed, the primary source of
that radiation dose is dietary rather than from radon and
terrestrial gamma rays.

Two general trends in the measurement data were
observed: ( 1) Terrestrial soil contamination levels at
atolls other than the test site atolls generally do not vary

by more than a factor of 50 among the islands of a single
atoll, variations of a factor of 25 are more common; and
(2) Small islands (i.e., less than 500 m length or 100 m
width) invariably display lower concentrations of radio-
activity in soil than do larger islands within the same
atoll. Presumably smaller islands are more susceptible to
erosion and washover by storm waves as well as to
changes in the shape and mass of the island from
deposition of new coral sand during tidal changes and
storms. Furthermore, smaller islands have less developed
vegetation, less litter; small islands also have poorly
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Fig. 11. Islands of Rc]ngeltip Atnll: externtil (including building shielding) plus interntll effective dose-rate frutn ‘‘7CS
assutning o diet (>t’7576 locally grown foc}d (lnSv y ‘).

developed soil with which to bind radioactivity deposited tivity throughout the entirety of the Marshall Islands.
there. Radionuclide specific activities in the soil of islands in

the mid-Pacific from global fallout sources are estimated

SUMMARY fr~~ the literature to-be approximate] y 400 to 800 Bq
m - for 137CS and 0.2 to 0.4 Bq kg-” 1 for 23Y’240PU.

The NWRS has documented for the first time the Based on our observations, there are four atolls that show
present day levels of residual weapons fallout radioac- no evidence of having received local fallout from the
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Fig. 13. Islands of Ailinginae Atoll: external effective dose-rate from ‘‘7CS (mSv y‘-’ ).

tests at Bikini and Enewetak. There are another ten atolls
for which we cannot conclusively determine whether or
not they received any local fallout or whether they are
above the expected global background value.

Though most of the southern atolls in the RMI are
near the expected global background level, some mea-
surements were below this. Explanations for this phe-
nomenon include weathering effects resulting in down-
ward migration, dilution with clean humic material by

litter fall or with coral material brought up from deep soil
horizons by human or animal disturbance, erosion from
ocean waves or coverage of the surface with new
material from tides and waves.

A quantitative evaluation of the increase of fallout
radioactivity with an increase in latitude has been docu-
mented for the first time. Specific activities in soil remain
nearly constant over the latitude range of 4° N to 9° N.
Values of 137CS in the terrestrial environment at locations
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Fig. 14. Islands of Ailinginae Atoll: external (including building shielding) plus internal effective dose-rate frotn “7CS
assuming a diet of 757c locally grown food (mS\ y ‘).

Fig. 15. Islands of Ailinginae Atoll: surface soil (0–5 cm) concentrations of “YZ4(’PU (Bq kg- ‘).

north of 9° increase rapidly to a latitude of 11.5° N where
Bikini is located. At locations on three atolls, soil 137CS
is more than 1,000 times the global background level.

It is apparent from our measurements that relatively
small amounts of fallout reached locations as far south as
Kwajalein Atoll. This conclusion corroborates the data of
the HASL gummed film station which reported detect-
able radioactivity during the entire CASTLE and HARD-
TACK 11 series of tests conducted from 1954 through
1958.

The small amounts of residual radioactivity at the
mid-latitude atolls (9° to 10.5° N) do not pose any

measurable health hazard today or in the future. A
number of islands in the atolls of Enewetak, Bikini and
Rongelap require limited remediation before communi-
ties should be encouraged to return and live traditional
lifestyles. This recommendation is contingent on the
reasonable assumption that Marshallese will continue to
consume locally grown food.

During its operational period, the NWRS received
continuous oversight and peer review through the activ-
ities of the Scientific Advisory Panel. The laboratory of
the NWRS successfully participated in international in-
tercornparison exercises as part of a quality control
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Fig. 17. Iskmds (s1 Rongerik Atoll: external (including building shielding) plus interred effective dose-rate from ‘‘7CS
assuming a diet of 757, locally grown food (mSv y ‘).

program. Findings for locations previously monitored by
the DOE were in good agreement. An assessment by the
NWRS of the projected doses that might be received at
Rongelap Atoll was similar both to findings of a National
Academy of Sciences review group (NRC 1994) and to
those of LLNL (Robison et al. 1994). Similarly, the
findings of the NWRS for Bikini Atoll were reviewed
and endorsed by an expert advisory group assembled by
the International Atomic Energy Agency in December
1995 (IAEA 1996). These various activities have served
to confirm the precision of the measurements and assess-
ments reported by the NWRS.

Public perception of the dangers of residual radio-
activity has been compounded among Marshallese as a
result of continuing publicity over the last 40+ y, both by
the popular media and by scientists. It is our observation
that significant misunderstanding has been gener~ted by
the ongoing process of scientific study. Even the process
of sampling foods or providing health examinations
tends to add credence to local convictions of extensive
radioactive contamination and latent health damage.

Adequate data on the radiological conditions of the
Marshal] Islands now exists such that the RMI govern-
ment or local atoll authorities may determine the suit-
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Fig. 19. Islands of Utrik Atoll: external effective duse-rate fr~]m ‘ ‘7CS (mSv y ‘).

ability of any location for habitation and food gathering.
The main challenge with respect to the radiological
conditions of the Marshall Islands, other than remedia-
tion of limited locations, is in increasing the understand-
ing of government leaders, health care workers, teachers,
the media and the public about the true risks of radioac-
tivity and about natural causes for cancer and other
common diseases which, only in some instances, may be
radiogenic in origin.

Admini\trtitivc suppurt was pm\idcd by the office ut (he Chiel Secl-ct;lry

tmd the Ministry ut Furcign Affairs; Iiais(m suppurt wus pruy ided by Peter

oliver. Andrew B~trron and Susan Dulfy were an Integral part of the

nrigimit field survey team, Shiel:~ Cumc) and And), Burchert ser\cd as

Iah[)r:ltt)ry radiochemists. Numeruus M:lrshultese pr[~vided impmlant :is-

sist:lnce tn the t’ield imd Iaburatory progrmn, inctllding Helkenna Anni.

Antuniu Jacksun. Alee Juntis, Rmrdy Thurmls, Tum Schtnit, Rosen J{~rbwij,

Ransey Larrurr, Gt:lsses Mukrum, Alexander Noiih, Renny Ohwiler. Fred

Opet. Dirk H. R. Spennern:m provided b:lckgruund infnrmatitm dncuments

tu support \everal ut’ the atull surveys. The Scicntit’ic Advisury Pdnel [A.

C. McEwan (Chtiirman), K, F. B~tverstuck, H. G. P[lret~ke, K. Sankar:ma-

my:m~n :md K, R. Truttl were eminently helpful in designing :Ind guiding

the study tmd pcrsurrally provided ;is\i\t:incc urr :Lwide rimge c>ttechnictil

i\sues ~ind ~ictivitics. Merril Eisenbud pru\, idcd J gre;~tde~t ut directiml 10

the princip:tl scientist in mitt[cr\ t)l ticquiring hi\torictll dat~l tind in setting



R;ldiological monit[)ring of’ the Marshall [slands ● S. L, SIN!(JN,INn J. C, GK,tI+,\h! 83

,,,o<l_

I reed,an O 18,.S, >

., ~~x””

Ixlc

,.,”

,10”’

,1 n“~

Fig. 20. Islands of Utrik Atoll: external (including building shielding) plus internal effective dose-rate from ‘-’7CS
assuming a diet of 75Yc locally grown food (mSv y ‘).

1,102. 1.[02

,nedla” ?3 Bq L&-l
,-— g

lxlo’– – -1,10’

7
~

s
lkloO–– m ::!.l OO

,. :,
Appr..,m,t. lC~CIS.~plut<,n,u.~ C1.P.SIIC~fr.1. global .,.

:
:, rdllour I. !hc ,,,,d-P.cific .;, ~
,.. .,

1,10”’ 1 1 1 1

2

1.10”’

$

5 3“
2

%.& z

Fig. 21. Islands of Utrik Atoll: surface soil (O–5 cm) concentrations of 239Z4(’PU(Bq kg ‘).
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Paper

137CSExposuRE IN THE MARSHALLESE POPULATIONS: AN

ASSESSMENT BASED ON WHOLE-BODY COUNTING
MEASUREMENTS (1989-1994)

L. C. Sun, J. H. Clinton, E. Kaplan, and C. B. Meinhold*

Abstract—The Marshall Islands were the site of numerous tests
of nuclear weapons by the United States. From 1946 to 1958,
nuclear devices were detonated at Enewetak and Bikini Atolls.
Following the inadvertent contamination of the northern is-
lands downwind of the 1954 Bravo Test, Brookhaven National
Laboratory became involved in the medical care and the
radiological safety of the affected populations. One important
technique employed in assessing the internally deposited ra-
dionuclides is whole-body counting. To estimate current and
future exposures to ‘37CS, data from 1989 to 1994 were
analyzed and are reported in this paper. During this period,
3,618 measurements were made for the Marshallese. The
cesium body contents were assumed to result from a series of
chronic intakes. Also, it was assumed that cesium activity in
the body reaches a plateau that is maintained over 365 d. We
estimated the annual effective dose rate for each population,
derived from the recommendations of the International Com-
mission on Radiological Protection. The average ‘37CS uptake
measured by the whole-body counting method varies from one
population to another; it was consistent with measurements of
external exposure rate. The analysis, though based on limited
data, indicates that there is no statistical support for a seasonal
effect on ‘37CS uptake. The critical population group for
cesium uptake is adult males. Within tbe S-y monitoring
period, all internal exposures to ‘37CS were less than 0.2 mSv
y–’. Similarly, a persistent average cesium effective dose rate
of 2 psv y–’ was determined for Majuro residents.
Health Phys. 73(1):86-99; 1997

Key words: Marshall Islands; whole body counting; cesium;
dose assessment

INTRODUCTION

THE R~Pu~l]c of the Marshall Islands (RMI) is located in
the central Pacific Ocean about 3,500 km southwest of
Hawaii and 4,500 km east of Manila, Philippine Islands;
the islands lie near the intersection of the Equator and the
international Dateline (Fig. I). The RMI consists of 29
coral atolls and 5 coral islands, all just above sea level.

* Radinlngical Science Di\,isi(Jn, Depart nlen[ of Advanced Tcch-
nnl[)gy, Bronkhaven Natinnal Lahnrat[)ry, Upton, NY I I 973.
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The total land area is about 180 kmz (Patterson 1986). In
1946, the RMI was chosen for nuclear testing because of
its remoteness, extremely low population density, and its
geological features (DNA 198 I).

Between 1946 and 1958, numerous nuclear devices
and weapons were tested in the northern RMI at Bikini
and Enewetak Atolls. Although these tests were consid-
ered vital to the defense of the free world during the cold
war, the resulting radiological contamination tind
clean-up efforts remain as critically important conse-
quences. Environmental contamination still is a health
und safety issue for the RMI population (Lane 1989;
Kohn 1988, 1989; National Research Council 1982$
1994; Baverstock et al. 1995). Many technical and
non-technical reports on environmental, medical, radio-
logical, health, and safety impacts on the Murshallese
populations are available (AEC 1956a, 1956b; Commit-
tee on Atomic Energy 1957; Conard et al. 1975; ERDA
1977; DOE 1980; Tipton and Meinbaum 1981; U.S.
Committee on Interior and Insular Affiairs 1989; U.S.
Committee on Energy and Natural Resources 199 l;
Conard 1992; U.S. Committee on Natural Resources
I994).

‘-~7Cs, a product of uranium fission, has a consider-
able public-health impact because of its high yield and
relatively long half-life of 30 y in the environment. In
recent whole-body counting (WBC) field missions, 1]7CS
was the only long-lived, gamma-emitting. weapons-
related isoto e detected in the Marshallese. Even the 5-y

?half-life of” ‘Co, a common activation product generated
in nuclear tests, is below our determined minimum
detectable amount (MDA). Cesium compounds in the
environment are water soluble and, therefore, may be
transported and widely dispersed. Cesium also adheres to
many components of soil from which uptake into the
biota occurs. The major exposure pathways of cesium
intake in the monitored populations are from inhalation
of contaminated dust particles resuspended in the air. and
from ingestion of contaminated foods stuffs, drinking
water, and soil particulate (NCRP 1977, 1985a; UN-
SCEAR 1993; IAEA 1988). The effective half-life of
1-~7Csin humans is about 110 d, which is much shorter
than its radiological decay half-life (T, = 30-y) (NCRP
1977). Once in the body, cesium is quickly and uni-
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Land and water areas are 1S0 and 2,500,000 km2, respectively

Fig. 1. View of the Republic of the Marshall Islands’ globtil
location.

formly distributed.
The U.S. Department of Energy (DOE) Office of

Health assigned responsibility for the Marshallese radio-
logical assessments to Brookhaven National Laboratory
(BNL) and Lawrence Livermore National Laboratory
(LLNL), The two laboratories use independent method-
ologies for radiological monitoring and dose assessment.
BNL has used whole-body counting and radiological
analyses of urine samples (Cohn 1956, 1963; Cohn and
Gusmano 1965; Greenhouse et al. 1977, 1979, 1980;
Miltenberger et al. 1980, 1981; Lessard et al. 1980a,
1980b, 1984; Sun et al. 1991, 1992, 1993, 1995). LLNL
researchers have based their assessments upon data from
measuring levels of radionuclides in the environment
(e.g., soil, water, plants, animals), from assessments of
intake and distribution pathways for radionuclides enter-
ing the body, and from analyses of dietary patterns
(Noshkin et al. 1979, 1988, 1994; Jennings and Mount
1983; Robison 1983; Shingleton et al. 1987; Robison and
Stone 1992; Robison et al. 1980, 1982, 1987, 1988;
Kercher and Robison 1993). The local foods in the
northern atolls of RMI are coconuts, leaves, breadfruit,
pandanas, tare, arrow root, birds, and a variety of
seafood. Many assessments of cesium doses among
Marshallese have considered the correlation between
dietary patterns and nuclide concentrations in foodstuffs
(Held et al. 1965; Hardy et al. 1964; Naidu et al. 1980;
Robison 1983; Simon and Graham 1996). The BNL and
LLNL determinations of Marshallese 137CS uptakes were
first presented together during the 19th Annual Meeting
of the NCRP (Robison 1983), and later, along with their
results on 23”PU uptake, at the Eighth International
Radiation Protection Association Congress (Sun et al.
1992). Both 137CSand ‘39Pu doses determined by the two
laboratories substantially agree.

In March 1990, a six-member Marshall Islands
Independent Scientific Advisory Committee (MIISAC)t
reviewed BNL’s quality assurance performance for all
components of the bioassay monitoring and internal dose
assessment programs for the Marshallese. The Commit-
tee stated that the WBC procedures used for estimati~g
Marshallese body contents of 137CS, COCo, and K
conformed to recognized standards for measuring these
nuclides in vivo (Hall et al. 1990).

in vivo WBC is a simple, accurate, and effective
method of determining the quantity of gamma emitters in
the body. WBC missions were conducted by BNL for the
people of Bikini, Enewetak, Rongelap, and Utirik in
1989, 1991, 1993, and 1994. During this period, ‘37CS
was the only fission product that was detected in these
populations. This paper compiles the WBC results and
associated dose analyses for these populations from 1989
to 1994.

On 21 February 1992, the DOE and RMI signed a
Memorandum of Understanding (MOU 1992). Two ac-
tion limits were agreed upon as conditions of the
Rongelap Resettlement: (I) Rongelap residents would
not receive a calculated annual effective dose of 1 mSv
above local natural background, and (2) (hey would not
be exposed to more than 630 Bq kg ‘(17 pCig-’)of
transuranium elements in the soil of inhabited areas or
food-gathering ones. Where these limits were exceeded,
radiological dose-reduction methods would be initiated.
For this reason, the cesium effective dose rate (~Sv y 1)
is reported in this paper.

MATERIALS AND METHODS

Whole-body counting system
Whole-body counting was performed in two

shadow-shielded chairs transported within RM1 using a
contracted vessel. Each WBC unit has a single thallium-
doped sodium iodide detector, 29.2 ctm ( I 1.5 inch)
diameter by 10.2 cm (4 inch) thick, manufactured by
Bichron.’l’ The WBC detector is mounted on a pivoted
arm allowing it to be centered across the front of the chair
during counting and moved out of the way to allow
access to the chair (Fig. 2). Since 1989, a Canberra
System 100 (S- 100)N multichannel anal zer (MCA) has

7been used in conjunction with an IBM 1 personal com-
puter (model Thinkpad 750). The counting signal is
registered through the MCA’s circuit board and the
isotopes identified and their activity assessed with Can-
berrd’s GAMMA-AT* software.

The WBC system is calibrated with a bottle manne-
quin absorber (BOMAB) phantom. Energy identificti-
tions are based on four distinct photon peaks: 0.662

~The ~e~bers ~~re R~sC[~etildl (Chairman, (f~~~~sed; S:lvunn:lh

River Natinmd Labr)fi]tory), Nurmun Cohen (Envirmrrnental Measure-
ment Labur;itc)ry), Keith Eckerm~m (Oak Ridge Nutiunal l.ahur~tt)ry),
Henry Kohn (Rongelap Reassessment L~ibcJr:ltury ), Lemlord Newman
(BNL), :urd Hyltnn Smith (Nati(mtil R~diulc)gictil Protecti<m B{)tird),

“1’Bichrun, 680 I C(Jchr~n Ru~d, Sohm. OH 44139,
+ C~Lnberra, 800” Rese:]rch Parkway, Meriden, CT 06450,”
1IBM, http://www.ibtll.cotll/.



88 Health Physics

( ‘-’7CS), 1.17 and 1.13 (“’’CO), and 1.46 MeV (J(’K).
Counting efficiencies are established for four geometries
by selecting whole or partial sets of the BOMAB
phantom’s segments called large, medium, small, and
infant. The counting efficiency obtained with the large
geometry is used to analyze spectra from persons weigh-
ing 60 kg or more, the medium geometry for people
between 40 and 60 kg, and the small geometry for
youngsters age 3 y or older who weigh less than 40 kg.
The infiant geometry is used for children younger than 3 y
(weighing 8–1 5 kg). For an empty chair, the MDA of
‘37Ci anti “°CO a; the 9570 c~nhdence level for
present WBC system was established at 60 and 52
respectively (NCRP 1985 b), in a 15-min count.

RESULTS AND DISCUSSIONS

Whole-body measurements and cesium activities

the
Bq,

During-BNL’s 1989 field mission (July and August),
staff visited Ebeye, Enewetak, Majuro, Mejatto, Utirik,
and Bikini Islands. In 199 I and 1993, there were two
missions each year, one in January–February (winter
season), and the other in June–August (summer season).
Weather and sea conditions during the winter season
prohibit WBC operations at Mejatto Island, restricting all
visits there to summer. The most recent WBC mission
was conducted at Bikini, Enewetak, Mejatto, and Ebeye
Islands in summer, 1994. All measurements were made
on volunteers from among the Marshallese who either
were directly exposed to fiallout radiation, or resided on
the Bikini, Enewetak, Rongelap, and Utirik Atolls. As a
quality assurance procedure, 5% of the volunteers at each
counting location were re-counted, either in the same
chair or in the second chair. Table 1 shows that 3,618
WBC measurements were made on the Marshallese
during these 5 y, including 13 Bikinian DOE employees

July 1997, Volume 73. Number I

Table 1. Distribution of WBC measurements.”

Pupultition I 989 1991 1993 1994

Enewetak ~~~ 355 ~~~ 283

R{mgelap 273 446 216 333

Utirik 423 290 316

Bikinib 8 5

Cnlumn sum: 932 1,091 974 62 I

who were working on Bikini Island, Bikini Atoll. The
numbers given are for each population group, irrespec-
tive of where the whole-body counts were made. No
attempt was made to examine the former inhabitants of
Bikini located on Kili Island.

Enewetak
As Fig. 3 shows, in December 1947, before the

nuclear testing program began on Enewetak Atoll, all
residents of Enewetak were relocated to Ujelang, Ujelang
Atoll, RMI (-250 km southwest of Enewetak) (DNA
198 I). After the tests ended, a major radiological cleanup
and rehabilitation program was conducted during the late
1970’s and early 1980’s. After the cleanup, the people of
Enewetak began to resettle the southeastern part of
Enewetak Atoll (Enewetak. Japtan and Medren Islands)
in 1980, at which time a routine WBC program was
started.

Table 2 summarizes the 137CS body content of
Enewetak volunteers measured during the 1989, 1991,

xo
1 Dec. 1 g47

Ujelang

F2 Apr. 1980

Enewetak

I I

Fig. 3. Relocation titmeline for Enewettik population,
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Table 2. C{mlparisun Of ‘‘7 Cs measurements of the Enewetak population by age and gender,
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1993, and 1994 field missions. All these values were
based on individual weight and later were classified by
age and sex. The Marshallese age groups were defined as
follows: adult (A) were individuals 16 y and older;
teenage (T) were 11–15 y; juvenile (J) were children of
3–1 O y: and infants encompassed birth through 2 y of
age.

Table 2 shows that 146 adults were measured in
1989:80 males and 66 females. The arithmetic mean (i)
and standard deviation (SD) of this group was 615 (,Z) t
676 ( I SD) Bq. The median value was 419 Bq. and the
measured values ronged from 4,059 Bq to less than the
MDA.

Table 2 also shows that 1q7Cs body contents in the
Enewetak population increased from 1989 to 1991, then
decreased in 1993, and rose somewhat in 1994. Since
cesium uptake directly reflects dietary intake and is
proportional to the environmental concentration of ce-
sium, the changes cannot be completely explained from
dietary patterns (discussed later). However, they may
reflect the consumption of contaminated food from the
northern islands. In 1991, the highest measurement of
137CSbody content obtained during any mission, 14 kBq
(about 0.2 mSv effective dose based on a single acute
ingestion), was from an adult male on Enewetak. A few
weeks earlier he had camped on Enjebi, an uninhabited
northern island in the Enewetak Atoll where the median
137CSactivity in the soil was about 100 times greater than
in the inhabited southeastern islands (ERDA 1977), and
had eaten the local food; this could account for his
elevated body content.

Measurement of external exposure rate is the quick-
est method to assess ground contatnination resulting
from fallout. For example, Simon and Graham ( 1995)
re orted the median external effective dose rate from

Y‘; Cs on Enewetak. Medren, Japtan, and Enjebi Islands

was about 2, 5, 10, and 200 pSv y– 1, respectively. The
low dose rate for Enewetak Island was an overdll result
of removing the top 30 cm of soil during the DNA
cleanup program. Since then, the entire population has
relied primarily on imported food from the United States
Department of Agriculture. Further, the major local food
supplies, such as coconuts, leaves, and vegetables must
be collected from neighboring islands (e.g., Medren and
Japtan). Hence. the WBC measurements should not be
expected to correlate with the reported low exposure
rates at Enewetak Island. Our WBC measurements also
show that the adult male group encompasses the maxi-
mum individual and the highest average cesium body
content. Cesium distributes uniformly throughout the
body so that a larger body mass retains more cesium
(ICRP 1990; 1993). Although ICRP uses the same model
for both genders, apparently the average content of adult
females is approximately half that of the males for the
people of Enewetak. This difference may reflect fishing
and other outdoor activities by males and their associated
consumption of foods in which cesiutn has been concen-
trated from the northern islands of the atoll.

Coefficient of variation (CV = i/SD) analysis often
is used to assess the stability of data. The CV values
associated with the 1991 WBC data are larger than all
other years. Since cesium uptake is proportionally related
to its concentration in food stuffs, the scattered data may
be influenced by the consumption of local foods from
other islands. Since the CV values in 1994 were less than
unity, the corresponding WBC results are expected to
better represent cesium body content for the Enewetak
population.

Rongelap
The inclusion of the Rongelap and Utirik popula-

tions in BNL’s WBC program resulted from tbe 1954
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Br~vo test when, due to a large unexpected yield and
tropospheric transport, radioactive dust was carried east-
ward (AEC 1956b). Two hundred and ninety people [64
Rongelapese, 18 Ailinginaese, 157 Utirikese, 28 Ameri-
can servicemen (Cronkite and Bond 1956), and 23
Japanese fishermen (Kumatori et al. 1980)] were exposed
to this dust. The estimated external radiation was about
1.75 Gy for the Rongelap population and 0.14 Gy for the
Utirik population (Sondhaus et al. 1956); each population
was evacuated elsewhere in the Marshtill Islands, for 3 y
and for 3 mo, respectively. Fig. 4 shows their detailed
relocation timeline, including the 1985 relocation of the
Rongelapese to Mejatto Island, Kwajalein Atoll, because
of their concern with the health and environmental
effects of residual fallout (U.S. Committee on Interior
and Insular Affairs 1989; U.S. Committee on Energy and
Natural Resources 199 I; Baverstock et al. 1995; Sun et
al. 1995).

Table 3 summarizes WBC data for the Rongelapese
living on Mejatto Island. The average cesium body
content in the population has decreased slightly over the
5-y monitoring period. The latest data show that cesium
intake at this location is similar to levels in the southern
RMI areas unaffected by Bravo fallout. It is important to
note that because of the low level of intake and the
relatively short effective half-life of ‘37CS in humans
( 110 d), the measurement could only detect post-intake
of cesium within 160 d (- 110+0.693). Therefore, the
current estimates represent peoples’ diet and lifestyle on
Mejatto Island only. Simon and Graham ( 1995) re orted

7
that the median external effective dose rate from 13 Cs on
Mejatto Island (N. Kwajalein Atoll) and Rongelap Island
were at about 2 and 150 KSV y-’ 1, respectively. These

I Rongolap I

=’4
we”
W“e=

Fig. 4. Relocation timeline for Rongel~p population.
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values suggest that 137Cs exposure upon return to
Rongelap might be significantly greater than the values
reported in Table 3.

Utirik
The people of Utirik remained on their island,

except for 3 mo after the Bravo detonation (Fig. 5). Table
4 summarizes the statistical WBC parameters from 1989
to 1993 for the Utirikese. The average cesium body
content in the Utirik population was 761 f 778 ( 1 SD),
904 t 766(1 SD), and 310 t 357(1 SD) Bq in the 1989,
1991, and 1993 missions, respectively; cesium exposures
increased from 1989 to 1991, and decreased from 1991 to
1993. Many Utirikese reside on Majuro and Ebeye
Islands for economic and social reasons. Majuro Island is
the capital of the RMI and has become the most socio-
economically developed island in the Marshall archipel-
ago. Ebeye Island attracts many Marshallese people
because of the job opportunities at the nearby Kwajalein
U.S. Military Base. Due to the short retention time of
cesium in the body and changes in dietary intake of
cesium at each location, it is difficult to obtain a reliable
population average value for Utirik inhabitants without
separating the population according to each WBC loca-
tion. Therefore, neither the annual average cesium bur-
dens nor the trend of population uptake, shown in Table
4, is expected to be representative of the people living on
Utirik Island.

Table 5 lists the values of WBC measurements
obtained from the Utirik population at the location where
the WBC was performed: Ebeye, Majuro, and Utirik
Islands. These islands are more than 200 km apart, and
only Utirik lies in the downwind direction that received
fallout from the Bravo test. At each place, the lifestyle
and foods vary as do the environmental cesium levels.

The median external effective dose rates from ‘37CS
on Ebeye Island (S. Kwajalein Atoll), Majuro Island, and
Utirik Island were about 1.5, 0.1, and 18 PSV y 1,
respectively (Simon and Gr~ham 1995). Simon and
Graham indicate that the 137CS concentrations in soil on
both Majuro and Ebeye Islands are only slightly above
those expected from global fallout deposition. Thus,
although the values in Table 5 can be used to determine
baselines for cesium uptake for inhabitants of Majuro
and Ebeye, it is only the values obtained on Utirik Island
that reflect cesium intake related to the United States
nuclear tests done in the Marshall Islands, and, therefore,
are appropriate for dose estimations of Utirik popula-
tions.

Bikini
Bikini residents were first relocated to Rongerik

Atoll before testing began in 1946, and then moved to
Kili Island in 1948. For radiological safety reasons, they
have been unable to resettle in their homes, except for a
short period in the 1970’s when the island was thought to
be safe for habitation (Greenhouse and Miltenberger
1977; Greenhouse et al. 1977, 1979, 1980; Robison
1983; Lessard et al. 1980b, 1984). Today, the majority of
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Table 3. Comparison of ‘ ‘7CS measurements of the Rongelap population by age and gender.
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Fig.5. Reloct~tion timeline for Utirik population.

the Bikini people still live on Kili Island (Ellis 1986).
Fig. 6 gives a detailed account of when and where the
Bikinians were relocated. The median external effective
dose rates from ‘S7CS on Kili and Bikini Island were
measured at about 1 and 600 PSV y-J, respectively
(Simon and Graham 1995). Plans are being studied for a
radiological cleanup at Bikini.

Table 6 gives the WBC measurements for 13 Bikini
residents who either worked for DOE or were family
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members of DOE workers at Bikini in 1989 and 1994.
Their food was imported, and their living conditions
were more modern so that measurements of cesium
intake are likely to be completely different and inappro-
priate for estimating uptake of inhabitants with a more
traditional style.

Seasonal variations
In both 1991 and 1993, there were two field mis-

sions on Majuro Island. The summer seasons’ and winter
seasons’ WBC results were compared to establish
whether there are seasonal variations in cesium uptake.
Such seasonal variations have been reported and were
attributed to increased water consumption during the
summer and to seasonal variations in the concentration of
the isotope in food stuffs (Hanson et al. 1964; UN-
SCEAR 1993). Table 7 compares all the measurements
obtained on Majuro Island. These data suggest that 1) for
adults (male and female), the cesium average in February
is higher than in July, and 2) unlike adults, there is no
seasonal difference for youths. Statistical comparisons of
the 1991 and 1993 seasonal data only partially support
these statements because of the high standard deviations.
The apparent variations for the adults may reflect more
outdoor activity in the summer, such as sailing and
fishing, and less in the winter due to ocean waves and
strong winds. Possibly because of increased activity in
the summer, people may eliminate fluid faster, which
lowers cesium concentration. Youths’ land-based, out-
door activities are more consistent throughout the year;
in fact, the difference in temperature and precipitation
between February and July are small in the RMI.

The data in Table 7 were derived from a mixed,
exposed population (i.e., Enewetak, Rongelap, and
Utirik) whose whole-body counts were taken at Majuro
Island. Hence, these WBC data should neither be com-



Hctilth Physics July 1997, Volulne 73, Number I

Table 4. Comparison of ‘” Cs measurements of the Utirik population by age and gender.

July–August 1989 February 199 I July-August 1993

value” Adults Teens Juvenile\ Infants All Adults Teens Juveniles lnlarrts All Adults Teens Juveniles lnffint\ All

tJot/7 ,!(,.r[,,, 801/1 ,\e.x-P.s B(}I/I .se.t<,.\

No. courr[ed 316 80 27 () 423 ~1~ 47 27 4 290
Mean

184 82 50 () 316
810 673 449 76 I 997 780 492 185 904 400” 263

~D17
53

784 794 554
310

778 772 835 317 106 766 405 ~Jg 55
Maximum

3s7
3.s37 2,946 1,936 3,s37 3,992 3,3s? 1,?4? 329 3,992 2,04X 1,2X9 2X5

Median ~~~
2.(MX

193 77 585 9(M 585 491 158 80 I 260
M(I/(,,\

191 36 I 37
MIIle.v MIIl<,,\

No. coun(cd I 64 42 II () ?17 106 27 14 3 150 95 39 26
Mean 975

()
821 646

160
929 1,187 929 572 215 1,063

SD
4x I 286 51 363

876 934 631 X78 X65 I ,037 356 107 882 466 244 42
Maximum

411
3.537 2,946 1,936 3,537 3,992 3,352

Median
I ,342 329 3,992 2,048 809 209

902 I 67 848
2,048

830 1,171 ~J~ 674 200” X89 390 23 I 36 179
Ff,rt!fllc.,$ F(,lll(l/<,,Y Fr)}?(l/<,.s

No. cnuntcd 152 3X 16 () 206 I 06 20 13 1 140 89 43 24
Mean

()
632 510 314 5x5

156
X07 5X()

SD
407 96 732 315 242 55 255

625 574 46X 609 614 375 ?56 574 307 2s5 67 2X3
Maximum 2,579 2,322 I .327 2,579 3,544 1,290 800” 3,544 I .300 1,289 285
Median 450 I 93 67 318

1,300”
829 523 390 752 j ~~ 174 35 95

“’All value\ ~re in the unit Bq, except counts.
“ Standard deviation.

Table 5. Comparison of ‘‘7 Cs measurement of the Utirik oooulation obtained on various islands.
1,

.fuly-Augu\t 1989 February 199 I July-August 1993

Vllue” Adul[s Teens Juveniles Inl’tints All Adults Teens Juveniles [nt’ants All Adults Teens Ju\’enilc\ Infants All

Ll,jrjk

No. counted 154 37 I ()
Mean 1,297 1,316 1,109
SDh 703 72] 345

Maximum 3,537 2,946 1,936
Median 1,120 1,135 963

Mcij{dr<>
N(). counted Ill 29 9
Mean 456 149 63
SD 616 303 18
Maximum 3,323 [,648 93
Mcditin I 46 74 50

El)(, i‘(,
Nu. cnunted 51 14 8
Mean Ill 59 60
SD 132 9 [~

Maximum 791 71 79
Median 70 62 59

Utirik

() 20 I I 56 30 20
1,291 1,268 1,044 583

~9~ 69X x09 267
3,537 3,992 3,352 1,342
i,120 1,109 78X 57 I

M[ij[tr<]
() 149 56 17 7

373 240 315 233
566 347 676 32?

l,~~q I,gg(j ~.1~~- .. -. 705
82 g[ 5X 46

() 73
95

113
791

68

4 210
IX5 1,150
I 06 71 [

329 3,992
158 988

() X()
255

430
~,l?~

71

Uliri!i

Iofl 47 6
609 407 171
387 229 9X

?,048 1.289 285
55x 397 I 78

M(!jfdrf)
57 26 ~~

143 xl 38
243 113 13

I ,519 460 109
54 40 35

E[71’\l,

21 9 [~

48 37 35
14 3 I

106 42 36
46 35 35

() I 59
533
358

?.048
483

() 115
I ()()
I 84

1.519
45

“ All values are in the unit Bq. except counts
h Standard deviation.

pared to those of Table 5, nor used to develop a cesium
baseline for Majuro Atoll.

Cesium retention model and dose calculation
For a single acute uptake, the ICRP recommended

the following two-exponential-term function to describe
the systemic retention of cesium in the body ( 1978, 1990,
1993):

R(f) = Cle -( ’;:),+ (1 - ,,)e-( ’;:)’, (1)

where {Zand T, are the distribution fraction and effective
half-time, respectively. The recommended adult values
for cl, T,, and T2 are ().1, 2 d, and I 10 d, respectively.

Because of the short half-time (T, ) and a low
distribution fraction, the first component of the cesium
retention function is relatively unimportant for assessing
dose. However, the long half-time component of cesium
for the Marshallese people was investigated in detail by
Hardy et al. ( 1964) and Miltenberger et al. ( 1981), and
the overall results agree with ICRP’S ( 1978, 1990, 1993)
suggested value of 110 d. Henrichs et al. ( 1989) report
cesium gut-transfer coefficient ~1 ) values for adult males
and females of 0.75 t 0.06 ( 1 SD) and 0.81 > 0.06 ( I
SD), respectively. However, the ~[ value recommended
by the ICRP gives more conservative dose estimates,
implying that uptake equals intake. Therefore, the ICRP
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Fig. 6. Relocati(]n timeline fc>r Bikini population

age-specific dose conversion factors (DCFS) for inges-
tion intake of cesium can be used directly to interpret the
WBC data.

We based the computation of 137CSdoses on ICRP’s
( 1990, 1993) age-specific biokinetic data and retention
function for radiation protection purposes. The difference
between DCF’S derivation in the two publications arises
solely from the tissue-weighting factor recommended by
ICRP Publications 26 ( 1977) and 60 ( 199 I ). Table 8
compares the two sets of values for each age-specific
DCF; the difference between each corresponding value is
not large due to the rapid volubility and short retention
time of cesium in the body. For conservative reasons, a
DCF of 1.4 X 10-Z KSV Bq- ( was used for all teenage
and adult dose calculations in this study, and a DCF of
2.1 X 10-2 PSV Bq-l was used for infants. The product
of DCF and intake yield a committed effective dose from
the year of intake to age 70 y.

Cesium body contents in Marshallese must be inter-
preted on the basis of chronic intakes (Lessard et al.
1980a; Sun et al. 1991, 1992; Kercher and Robison
1993 ). A computational algorithm was developed to
interpret the dose from a chronic exposure pattern using
the ICRP DCFS, which had been designed for single,
acute intakes. From the biokinetic data for an adult given
in Table 8-l of ICRP Publication 56, an effective dose
rate attributable to a steady-state, chronic uptake of
cesium in an adult (A) can be estimated by the following
equation:

Effective dose rate (KSV y-l)*~Lll, = 2.55 X 1.4

X 10-Z (KSV Bq-i) X Body Content (Bq), (2)

where 2.55 is a constant factor used to convert from
committed effective dose to annual effective dose rate in
Reference Man (ICRP 1975). The Appendix describes
the computational algorithm. It accounts for the fact that
907c of the committed effective dose will be received
within the first year of intake and that the build-up
constant for chronic intakes of cesium is the ratio of an
integrated transformation in this first year due to a
chronic intake to that of a single, recent acute intake.
Similarly, the conversion factors for committed effective
dose to individuals of 3 mo, I y, 5 y, 10 y, and IS y are,
respectively, 15.8, 19.5, 12.3, 6.88, and 3.25. Therefore,
the annual effective dose rate attributable to a steady-
state and chronic uptake of cesium in teens (T), juveniles
(J), and infants (birth to 2 y) can be estimated by the
following equations:

Effective dose rate (PSV y“ l).rCCn= 3.25 X 1.4

x 10 ~ (~Sv Bq-l) X Body Content (Bq), (3)

Effective dose rate (PSV y ‘ )J,l\ellll~ = 6.88 X ] .4

X 10-Z (pSv Bq-l) X Body Content (Bq), (4)

Effective dose rate (PSV y-’ )I,,t.,,,(= 19.5 X 1.2

X 10-z (pSv Bq-l) X Body Content (Bq). (5)

This annual dose is likely to be conservative because
it is assumed that a constant body content will be
maintained over I y. In addition, based on ICRP’S ( 1990,
1993) retention and excretion model, the younger the
individual, the faster the elimination rate.

Dose estimates and discussion
Table 9 shows the mean and standard deviation of

cesium effective dose rate (KSV y– 1) values for people
living on Enewetak, Mejatto (Rongelap population), and
Utirik islands. The effective dose rates were calculated
from mcasurcmcnts of the average cesium body content
of a whole population. The Enewetak and Rongelap
annual effective dose rates are based on the data in
Tables 2 and 3, respectively. The Utirik annual effective
dose rates are based on information in Table 5 separated
by gender (not on Table 4 due to the spread of the
population over three major locations).

In general, the environmental decay and dilution of
radiocesium will decrease the cesium uptake. The data in
Table 9 support this phenomenon, except for the
Enewetak 199 I data. There, the increase in two years
apparently was the result of people eating more food
harvested from contaminated islands. The large coeffi-
cient of variation (CV) for the 1991 dose rate suggests
that the data are most likely perturbed for the same
reason.

Estimates of annual effective dose rates for the
Rongelap population at Mejatto remained relatively con-
stant from 1989 to 1994 (unlike the Enewetak and Utirik
populations). The lower average dose rates for the people
of Rongelap reflect the lower amounts of ‘37CS environ-
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Table 6. Comparison 01 ‘‘7Cs measurements of the Bikini population by age and gender,;’

July–August 1989 August 1994

Valueh Adults Teens Juveniles lnSdnts All Adults Teens Juveniles InFJnts All

N(). counted

Mean
SD
Maximum
Median

N(), counted

Mean
SD
Mfiximum
Median

N(). cnunted
Mean
SD
Maximum
Mcdiun

8
880

I ,342
3,7~~

219

n
880

1,342
3,7~~

219

()

Both ,xe.re.s
(1 () () 8

880
I ,342
3,726

219
Mules

() () () 8
880

1,342
3,726

219

Femc{/e,Y
() () () ()

3 I
76 33

26
93
90

2 ()
70
33

93
70

I I
90 33

B(,fh .se.xe,s
I

63

Males
()

Fetnule.s
I

63

0 5

65
’26
93
63

0 2

70
33
93
70

() 3
62

28
90
63

“ Limited to DOE workers and immcdititc family members
b All vulues are in the unit Bq. except c[~unts.
‘ Standard deviati<m,

Table 7. Comparison of ‘‘7Cs measurement obtained on Mfijuro Island in two different seasons.

1991 1993

Value” Adults Teens Juveniles Infants All Adu!ts Teens Juveniles Infants All

N{), counted
Mean
s~l>

Maximum
Median

N[J, counted
Mean

SD
Maximum
Median

lox
328
583

4,051
87

77
73
40

24 I
61

Febr{d<[ry

36 25
207 97
498 183

Z,lzfj 705
46 45

JL{ly
29 13
52 53
14 ’23

90 I 07
47 44

0 169
268
529

4,05 I
64

() 119
66
35

?4 I
57

112 27
] 22 41
189 I ()

1.150 87
51 39

98 37
106 71

I 90 96
1,519 460

50 41

FebrL~LI[\
22
41
11
76
37

JL{/y
48
38
12

109
35

0 !61
97

]62

1,150
47

() 183
82

148
1,519

45

“ All values are in the unit Bq, except cnunts.
b Standard deviatiurr,

mental activity on Mejatto Island (approximate back-
ground for the RMI environment), similar to the levels on
Majuro and Ebeye Islands. Other than global fallout,
both islands are recognized as areas which were not
contaminated by the Bikini or Enewetak nuclear tests.
Therefore, the cesium baseline for the Rongelapese who
may return to their homeland could be within the
estimated 3 * 2 pSv y– 1 value.

Since 1985, the people of Rongelap have resided on
Mejatto Island. The estimate of annual effective dose rate
in Table 9, therefore, is not representative of the exposure
that would result from living on Rongelap Island. By
comparing WBC measurements taken at Rongelap to
those at Utirik over the 4 y before to the Rongelapese
relocation in 1985, Lessard et al. ( 1984) reported a ratio
of 3 (upper bound). Therefore, the 26 t 15 pSv y ““1
determined in 1993 for Utirik adult males gives an
estimated effective dose rate of 78 t 45 KSV y– 1 if they
had lived on Rongelap Island during 1993. This predicted

Table 8. Comparison of ICRP-56 and ICRP-67 age-specific dose
conversion factors VSV Bq””’.

ICRP 56 lCRP 67
Age at intake” (1990) (1993)

()– I 2 mu 2.0 x 10 2 2.1 x 10 2
1–’2 y 1.1X 10 2 [,2X ]0 ~

3–7 y 9.OX 10 ‘ 9.7 x 10 ‘
8-12 y 9.8X 10 ‘ I.(IX 10 2
13-17 y 1.4X 10 2 1.3X 10 2

Adult (>17 y~ 1,3X 10 2 1.4X 10 2

“ The age ranges ore crmsistent with ICRP Puhlicatiun 56 ( 1990).
“ The dn\e cunversi(m facturs are derived mr the basis uf an integrated dose
over the 50 y following a single acute intake. For all uther age gr[}up\, the
integration dn\e periud is to age 70 y.

average annual effective dose rate agrees with the pre-
diction of 63 VSV y-’ by Lessard (Lane 1989).

Moreover, doses from cesium estimated for popula-
tions living on Bikini, Enewetak, Rongelap, and Utirik
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Table 9. Annual effective d~>serate (PSV y-‘) estimates by location, year, age, and sex using WBC measurements.

mean t I standard deviation.

“Rongcl~p pc)pulatiorr center.

‘Utirik populationlivingon Utirik lsltimt.

Islands employed dietary intake and food-chain pathway
analyses (Robison 1983; Kohn 1988, 1989; Kercher and
Robison 1993; Simon and Graham 1995, 1996). Kercher
and Robison ( 1993) report better precision in predicting
cesium burden using environmental measurements for
individuals with slower metabolism. Furthermore, an
overestimate of the dose resulting from using age-
specific or age-dependent DCFS for younger age groups
was reported by the World Health Organization (WHO
1987); this suggests that the effective dose rates given in
Table 9 may overestimate the exposure of teens and
younger age groups.

Table 10 compares the external cesium effective
dose rates for adults reported by Simon and Graham
( 1995) and the estimates of internal cesium dose rates
using WBC measurements. The table shows the consis-
tencies between external and internal dose rates at Ebeye,
Mejatto, and Utirik, but inconsistencies at Enewetak and
Bikini. Cesium body contents and the concentrations in
the biota are expected to correspond to one another,
depending on lifestyle and intake rates of local foods and
water. Therefore, the inconsistencies in Table 10 are
ascribed pritnarily to the latter. For example, the internal
cesium dose rate for Enewetakese more likely reflects the

Table 10. C{mlparison (If external and internal cesium effective
duse rtites (USV y ‘) at various loca(i(ms.

Atull Islanll Externtil dc>serute” Internal d{)se mtc’>

Bikini
Encw e[ah
Enewetak

Enewetuk
Enewctak
Kw~j~lcin

Kwajalein
Maj urn
Utirik

Bikini
Enew etak
Enjebi
Japton
Medren
Ehe ye
Mej:~tt(~
Maj um
Utirik

3~1(1 SD)
13A 13

“ Mca\urements rep(~rted by Simon and Grahmn ( 1995).
b Based on the 1994 or the I:itest WBC tivcragt! fmm adults (mzle and
female).

consumption of local foods from Japtan, Medren, and
Enjebi Islands, which have higher reported levels of
external cesium dose rates. On the other hand, the
external dose rate from cesium at Bikini is far more than
the internal dose rate, which indicates that the main diet
of the Bikini workers is not local food, but imported
foods. This finding may indicate that ingestion intakes
are more important in assessing cesium uptake than is
inhalation.

During the missions, parents were encouraged to
bring infants for whole-body counting. Unfortunately,
the water in the lagoon was rough during the missions,
and it was unsafe to transport infants to the boat.
Therefore, only a few infants were measured (see Tables
2, 3, and 4). In 1991, one infant from Enewetak had a
body content below the MDA of 50 By, while the
contents in four infants from Utirik were approximately
96, 117, 200, and 329 By. Assuming that an equilibrium
condition would be established in the body due to
steady-state intake in the next 365 d, an annual effective
dose rate of 77 KSV for the infant with the largest burden
was calculated using the ICRP recommended retention
function and biokinetic data for a 3-me-old (shown in the
Appendix).

CONCLUSIONS

Tbe impact of the nuclear tests conducted at Bikini
and Enewetak Atolls from 1946 to 1958 is still being felt
because of the continued concern about radiological
contamination that affected the Marshal lese. This paper
presents the WBC results obtained from 1989 through
1994 during field missions. During these five years,
‘~7Cs was the only fallout-related radionuclide detected
by whole-body counting. [n general, the effective dose
rates from cesium are decreasing and are lower than
those reported earlier by Conard et al. ( 1956, 1975),
Miltenberger et al. ( 1980), and Lessard et al. ( 1980a,
1980b, 1984).
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Tables 2, 3, 4, and 5 indicate that median values are
often less than mean values. The former are more robust,
but, for conservative dose estimates, mean values were
used to construct Table 9. Our estimates of the cesium
body content are based on data collected over 5 y, and the
assessment of annual effective dose rates for all age-
specific groups is based on the internationally recom-
mended dosimetric models and parameter values (ICRP
1990, 1993 ). For example, our latest measurements
(Table 9) indicated that male adults who lived in
Enewetak, Mejatto, and Utirik in 1993 had received 16,
3, and 26 VSV, respectively, in a year.

Our WBC data suggest the critical group is adult
males because of the consistently higher average cesium
body contents in comparison with other sex and age
groups. Unfortunately, intake of weapons-generated ce-
sium is inevitable, especially for the inhabitants of the
northern four atolls (Bikini, Enewetak, Rongelap, and
Utirik). The UNSCEAR 1993 Report states that the total
effective dose commitment from external and internal
]37CS produced in atmospheric nuclear weapons tests is
about 0.5 mSv for the world population, and even more
for the north temperate zone populations. Further, Nosh-
kin et al. ( 1994) indicate that the total annual effective
dose rate from natural background in the Marshall
Islands is 2.4 mSv y-1, like other areas of the world.
Within the 5-y monitoring period, all internal exposures
to 137CS were less than 0.2 mSv y-1.
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APPENDIX

Method for calculating annual dose using ICRP 56
data

During chronic intakes, the body content of cesium may
reach a plateau as it comes into equilibrium with the environ-
mental cesium level. It is assumed that the body content
measured by a 15-rein WBC is maintined at a constant level
over a 1-y period. ICRP 56 (1990) biokinetics data for adul~s
can k integrated for any s~ific time interval. The following
integration finction gives the total cesium transformations in
the body in T days after a single acute intake.

[

~

Y(T) = (O. le-’’q~’ ‘ + 0.9e-() [)()63‘) dt.
J ,1

(Al)

Then, Y (1 y) = 129 and Y (50 y) = 143. Also, the
number of transformations due to a chronic intake of one
unit per day over 1 y is 365. These values are needed for
computing effective dose rates using the ICRP Publica-
tion 56 committed effective dose coefficient.



The adult group adjusting factors are Y( 1 y)/Y(50 y) factor from committed effective dose to an annual
= 0.9 and 365/Y( 1 y) = 2.8. The former means that 90% effective dose rate for adults is 2.55 (i.e., 0.9 X 2.8).
of the committed effective dose will be received within Similarly, the conversion factors for children of 3 mo,
the first year of cesium intake. The latter is the ratio of 1 y, 5 y, 10 y, and IS y are 15.8, 19.5, 12.3, 6.88, and
the total transformations within the first year of intake 3.25, respectively.
from a steady-state, uniform, chronic intake and from a
single, acute intake of cesium. Thus, the conversion ■ ■
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AN UPDATED DOSE ASSESSMENT FOR RESETTLEMENT

OPTIONS AT BIKINI ATOLL—A U.S. NUCLEAR TEST SITE

William L. Robison, Kenneth T. Bogen, and Cynthia L. Conrado*

Abstract—On 1 March 1954, a nuclear weapon test, code-
named BRAVO, conducted at Bikini Atoll in the northern
Marshall Islands contaminated the major residence island.
There has been a continuing effort since 1977 to refine dose
assessments for resettlement options at Bikini Atoll. Here we
provide a radiological dose assessment for the main residence
island, Bikini, using extensive radionuclide concentration data
derived from analysis of food crops, ground water, cistern
water, fish and other marine species, animals, air, and soil
collected at Bikini Island as part of our continuing research
and monitoring program that began in 1978. The unique
composition of coral soil greatly alters the relative contribution
of ‘3’CS and “’)Sr to the total estimated dose relative to
expectations based on North American and European soils.
Without counter measures, ‘37CS produces 96% of tbe esti-
mated dose for returning residents, mostly through uptake
from the soil to terrestrial food crops but also from external
gamma exposure. The doses are calculated assuming a reset-
tlement date of 1999. The estimated maximum annual effective
dose for current island conditions is 4.0 mSv when imported
foods, which are now an established part of the diet, are
available. The 30-, 50-, and 70-y integral effective doses are 91
mSv, 130 mSv, and 150 mSv, respectively. A detailed uncer-
tainty analysis for these dose estimates is presented in a
companion paper in this issue. We have evaluated various
countermeasures to reduce ‘-’7CS in food crops. Treatment
with potassium reduces the uptake of ‘37CS into food crops,
and therefore the ingestion dose, to about 5 Y’ of pretreatment
levels and has essentially no negative environmental conse-
quences. We have calculated the dose for the rehabilitation
scenario where the top 40 cm of soil is removed in the housing
and village area, and the rest of the island is treated with
potassium fertilizer; the maximum annual effective dose is 0.41
mSv and the 30-, 50-, and 70-y integral effective doses are 9.8
mSv, 14 mSv, and 16 mSv, respectively.
Health Phys. 73(1):100-114; 1997

Key words: Marshall Islands; fallout; dose assessment; weap-
ons

INTRODUCTION

BIKiNI ATO([. was one of the two sites in the Northern
Marshall Islands that was used by the United States as

* Health & Ecrr]ogical Assessment Division, L-286, Lawrence
Li\ermore National Labc]rdtory, Livermore CA 94550 -9900.”
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testing grounds for the nuclear weapons program. Bikini
Atoll, and the other test site Enewetak Atoll, are located
in the northern part of the Marshall Islands at a latitude
of about I 1.5° N (Fig. I). Twenty-three nuclear tests
were conducted from 1946 to 1958 at Bikini Atoll with a
total yield of 77 megatons. The BRAVO test, on I March
1954, had an explosive yield that greatly exceeded
expectations, with the result that heavy fallout was
experienced at the major residence islands of Bikini and
Eneu, and lesser fallout at atolls east of Bikini Atoll. The
aerial photo montage of Bikini Atoll (Fig. 2) shows the
location of the BRAVO test and of Bikini and Eneu
Islands. The Bikini people, since their initial relocation to
Rongerik Island in 1946, have had a continuing desire to
return to their homeland. [n 1968, a general cleanup of
debris and buildings as well as the planting of coconut,
breadfruit, PcItI(l(itlLI.T,papaya, and banana trees began at
Bikini Atoll, and a radiological survey and dose assess-
ment were completed. Houses were then built on Bikini
Island, and some Bikini families moved back to Bikini
Island in 1970.

A radiological survey was conducted in 1975 when
a second phase of housing was being considered, but few
samples of locally grown food crops were available to
confidently esvablish the radionuclide concentrations on
Bikini Island to reliably estimate the dose: predictions
based on the preliminary data indicated that when food
crops matured and were available for consumption that

‘ ‘37CS and resulting doses wouldthe body burden ot
exceed federal guidelines (Robison et al. 1977). In 1978,
when the coconut trees started producing fruits, the
Brookhaven National Laboratory (BNL) whole body
counting confirmed that ‘37CS body burdens in the
people on Bikini were well above the U.S. recommended
level (Miltenberger and Lessard 1987). Consequently. in
August 1978, Trust Territory officials arrived at Bikini
Island and relocated the people to Kili Island.

Subsequently, we have developed an extensive data
base for ‘37CS, ‘)(’Sr, ’39’ “’)Pu, and 24’Am concentration
in the atoll ecosystem by collecting and analyzing sam-
ples of soil, vegetation, animals, ground water, cistern
water and marine species in an effort to refine dose
assessments for all exposure pathways for resettlement
options at Bikini Atoll. Also, detailed resuspension
studies have been made at Bikini, Enewetak, and
Rongelap Atolls to determine the potential dose from
inhalation of suspended soil containing ‘3<)+2AOPUand

1()()
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subsequently the food crops, thereby reducing the dose
via the food chain and external gamma. However, it does
lead to a severe environmental impact on the island.
Consequently, we designed our field reseurch program to
look at various remedial measures for reducing the ‘37CS
in soil and/or blocking the uptake into food crops to give
the people resettling the contaminated atolls an option to
the excavation of the top soil on their islands. The most
effective method of all the tested methods, and by far the
easiest to implement, is the addition of K to the soil. Not
on] y does the K treatment reduce the intake of ‘37CS from
the direct ingestion of the food crops, but it also reduces
the ‘37CS intake from coconut crabs, pigs, and chickens
that feed on the vegetation.

In this report we present the most rcccnt dose
estimates before and after the K countermeasure de-
signed to reduce the dose to people resettling Bikini
Island.

IW;J nuclc:~r ~est sites, Bikini ;Ind Enewet:]k A-tolls.

EXPOSURE PATHWAYS

“’Am. These dose assessments have been essential to
define the critical radiortuclides and pathways, evaluate
various living patterns. and provide the communities
with a basis for making informed decisions on resettle-
ment options. A dose assessment of Bikini Island in
1982, and an earlier dose assessment of Enewetak Atoll,
indicated that the most significant potential exposure
pathway at the contaminated atolls was uptake of ‘37CS
in the terrestrial food chain (Robison et al. 1980: Robison
et al. 1982).

We have also conducted a research prc~gram to
evaluate the effectiveness of various remedial actions
designed to reduce the dose from ‘37CS in the food chain.
The remedial measures have included excavation of the
top 40 cm of the island, soil amendments (clay, zeolites),
leaching (salt water irrigation), cropping (growing and
harvesting sequential stands of vegetation), and chemical
competition [potassium (K) addition]. Excavation of the
top 40 cm of the soil column is an effective method to
reduce the radionuclide concentration in the soil and
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Fig. 2. A phot(~grtiphic nlontage (J! Bikini Atoll showing the

loc~ltion (>t’ the ~:iriolls islands.

The radiological dose to inhabitants at the atoll
occurs from both external and internal exposure. Each of
these two categories can be broken down further into the
following exposure pathways: ( 1) External exposure:
natural background radiation; nuclear test-related radia-
tion, (2) Internal exposure: natural background radiation;
nuclear test-related radiation-radionucl ides in terrestrial
foods, marine foods, drinking water and radionuclides
inhaled.

The external natural background radiation in the
Northern Marshall Island Atolls is 9.0 X 10- ‘() C kg-’
(3.5 KR h- ‘) oro.22 mSv y“”‘ (Gudiksen et al. 1976) due
to cosmic radiation; the external background dose due to
terrestrial radiation is very low in the Marshall Islands
because of the composition of the soil. The internal
effective dose is about 2.2 mSv y -‘ for n:itural occurring
radionuc]ides such as J(JK, ~l{)po, and ‘Iopb that result

from consumption of local and imported foods (Noshkin
et al. 1994; Robison et al. 1997). The natural background
dose is not included in the doses presented in the paper
unless specifically stated. “

DATA BASES

External exposure measurements
The external exposure rates at Bikini Atoll were

measured by Edgerton Germeshausen and Grier (EG&G )
as part of the aerial survey conducted in the 1978
Northern Marshall Islands Radiological Survey
(NMIRS) (Tipton and Meibaurn 198 I ). The average
exposure rate on Bikini Island as measured by EG&G in
1978 wasabout8 X 10 “Ck g-’ (3 I KRh-’).ln 1986
and 1988, additional external gamma measurements were
made by LLNL of ‘37Cs and ‘)OCO inside and outside
houses and other buildings, and around the village area:
crushed coral placed around the buildings provides
shielding in addition to the buildings. Measurements at
Bikini Island indicate that the average exposure inside
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the houses is about 5.4 X 10-10 C kg-l (2.1 pR h-[)
while in the immediate area around the houses it is 2.8 x

10-9 Ckg-1 (1 I pR h-]).

External beta-particle exposure
The unshielded beta contribution to the external

dose was estimated at Enewetak Atoll in 1980 (Crase et
al. 1982). Studies at Bikini Atoll using new, thinner
thermoluminescent dosimeters (TLDs) indicate that the
dose over open ground at I cm height is about three times
that of I m height (Shingleton et al. 1987). Thus, the
unshielded beta dose at I cm on Bikini Island could be
equal to or slightly greater than the external gamma dose.
However, for a significant part of the day the eyes, upper
body, and gonads are at 0.8 m or more in height above
the ground surface. The wal Is and floors of the houses
and the crushed coral customarily put around houses and
the village area absorb most of the beta radiation. In
addition, any clothing, shoes, zories, P~zntl(inus mats, or
other coverings also greatly reduce exposure to beta
radiation.

Airborne radionuclide concentrations
Airborne concentrate ions of 23’)”+‘40PU and 241Am are

estimated from data derived from resuspension experi-
ments conducted at Enewetak Atoll in 1977, Bikini Atoll
in 1978, and Rongelap Atoll in 1991. We briefly describe
the resuspension methodology here; more detail can be
found in Shinn et al. ( 1997). Four simultaneous experi-
ments were conducted: ( I ) a characterization of the
normal (background) suspended aerosols and the contri-
butions of sea spray off the windward beach leeward
across the island; (2) a study of resuspension of radio-
nuclides from a field purposely laid bare by bulldozers as
a worst-case condition; (3) a study of resuspension of
radioactive particles by vehicular and foot traffic; and (4)
a study of personal inhalation exposure using small air
samplers carried by volunteers during daily routines. The
“normal” or “background” mass loading (the mass of
solid material per unit volume of air) measured by
gravim$tric methods for the atolls is approximately 55
Kg m-- . The data from the Bikini experiments indicate
that 34 ~g m‘3 of this total is due to sea salt th~t is
present across the entire island as a result of ocean, reef,
and wind actions. The mass loading due to terrestrial
origins is, therefore, about 21 Kg m ‘3. The highest
terrestrial mass loading observed was 136 Kg m- 3
immediately after bulldozing.

Concentrations of 239’ 240PU were determined for
collected aerosols ( I ) for normal ground cover and
conditions in coconut groves, (2) for high-activity con-
ditions, i.e., areas being cleared by bulldozers and being
tilled, and (3) for stabilized bare soil, i.e., cleared areas
after a few days’ weathering. The plutonium concentra-
tion in the collected aerosols changes with respect to the
plutonium concentration in surfiace soil for each of these
situations. We have defined an enhancement factor (EF)
as the 239+240PU concentration in the collected soil-
aerosol mass divided by the ‘-~y+240PU surfi~ce-soil (O- to
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5 cm) concentration. The EF of less than 1 (EF <1 ) for
the normal, open-air conditions is apparently the result of
selective particle resuspension in which the resuspended
particles have a different plutonium concentration than is
observed in the total O- to 5-cm soil sample. Similarly,
the enhancement factor of 3 for high-resuspension con-
ditions results from the increased resuspension of particle
sizes with a higher plutonium concentration than ob-
served in the total O- to 5-cm soil sample.

We have developed additional personal-enhancement
factors (PEF) from personal air-sampler data. These data
represent the enhancement that occurs around individuals
due to their daily activities. The total enhancement factor
used to estimate the amount of suspended plutonium is the
EF (0.82 for normal resuspension and 3. I for high resus-
pension) multiplied by the PEF (1.9 for normal resuspen-
sion and ().92 for high resuspension). Consequently, the
total enhancement used for normal resuspension conditions
is 1.5 and for high-resuspension conditions is 2.9.

To calculate inhalation exposure, we assume that a
person s ends I h d-1 in high-resuspension conditions,

?23 h d- under normal resuspension conditions, and has
a breathing rate of 22 ms d–’ ( 1.2 m-~ under high-
resuspension conditions and 20.9 ms under normal-
resuspension conditions). An analysis of breathing r~tes
based on energy expenditure indicates that the volume of
air breathed in a 24 h period may be significantly less
than the 22 ms d”’ recommended by ICRP (Layton,
1993). The radionuclide concentrations in surface soil (()-
to 5-cm) for Bikini Island complete the information
necessary for calculation of plutonium and americium
intake through inhalation.

Radionuclides in marine foods, soil, and terrestrial
food

The avera e
F

concentrations of ‘S7CS, “OSr,
‘~() f 240PU, and ‘4’ Am in marine foods and terrestrial
foods are listed in Table 1. Most of the data for the
marine foods is a result of work conducted by Noshkin et
al. ( 1988). The data for the terrestrial foods are part of
our continuing program where samples have been col-
lected and analyzed from 1975 through 1993 on Bikini
Island. The number of samples analyzed are as follows:
812 drinking coconut meat, 747 drinking coconut juice,
I88 copra meat, 177 copra juice, 69 P(indc/n14.~,4 I
breadfruit, 93 papaya, 53 squash, 39 banana and 36
animals. The median concentration of ‘~7Cs, ‘)(’Sr,
‘~’) ‘ “’)Pu and 24’Am in soil profiles are listed in Table 2.
The soil data are also part of our continuing program.

Radionuclides in drinking water
The major source of water used in cooking and for

drinking is rainwater collected from roofs of houses and
other buildings that is stored in cisterns. If extreme
drought conditions occur, then the freshest groundwatcr
available is used; the groundwater is contaminated with
radionuclides from the soil column. The concentrations
of radionuclides in both cistern water and groundwater
are listed in Table 1. For the dose estimates, we use tin
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Table 1. Diet model for adults greater than 18 y living on Bikini Island for current conditions and for the soil removal
and potassium treatment option.

Specific :Icti!,ity in 1999 (Bq g ‘ wet wt. )

Imported t(~ud~ Local t’uods unl y Current Scrape + Curnmun to bnth
diet diet cnnditiuns K [~pti(~rr current and scrape + K t)ptirrn

Lucal Fnnd gd ‘ Kc;d d ‘ g d ‘ Kcal d ‘ Kcal g ‘ ‘ ‘7CS ‘“CS ‘)’)Sr 2‘<’‘ 24”PU ~4’Am

Reef fish
Tuna
Mahi Mahi
Marine Crabs
Lobster
clams
Tmchus
Tridacna MU~~le
JeiJml
Coconut” Crabs
Land CrJbs
octopus
Turtle
Chicken Mu\clc
Chicken Liver
Chicken Gi?~~rd
P(>rk Muscle
Pork Kidney
Pork I.iver
P{~rk Heart
Bird Muscle
Bird Eggs
Chicken Eggs
Turtle Eggs
P{IIIt/tIIitfs Fruit
P([rI<l[{I/II,\ Nuts
Bre:idt’rult
C(>cnnut Juice
Cucunut Milk
Tub:tiJekcro
Drinking Cuco Meat
Coprd Meat
Sprout. Cucu
M~rsh. Cake
Papaya
Squash
Pumpkin
Banan~
AM)WMot

Citrus
Ruinwatcr
Wcllwater
MalLIio
COff’eeflea
SOil”
ScJil”

?4.2 33,8
13.9 I 9.4
3,56 3.9?
I .68 1.51
3.X8 3,49

4.56 3.65

().1() ().()8()
I .67 2.[4
3.08 2,46
3.13 2.19
(),()() ().()()
451 4.5 I
4.34 3.86
8.36 14.2
4,50 7.38
1.66 2.46
5.67 15.5
NR ().()()
2,60 ~,~7

().3 1 (),6()
2,71 4.6 I
1.54 2,31
7.?5 11.8
9.36 14.()
8.66 5,20

().5() 1,33
27.1 35.3
99. I 10.9
51,9 179

().()() 0,00
31.7 ~~,~

12,2 50.3

7.79 6.23
11.7 39.2
6.59 2.57

NR ().()()
1.24 ().37
0.020 (),() I 8
3,9.? 13.6
(),10

313

207

I 99
~~8

0.10
(). I o

().()49
().00
().()()
().()()
0.00
().()()
0,()()

86.8 1~1

72.() 101
21,4 23.5
19.5 17.6
35.2 31,7
58.1 46,5
(),24 (),19
11.4 14.6
I 9.4 17,4
24.9 17.5
(),()() ().()()
49.() 49.()
17.8 15.8
31.2 53.()

17.7 ~90

3.32 4.91
13.9 62.6
NR 0.()()
6.70 16.1
().62 ],~1

16,4 44.8
~’2,8 34,1
41.2 67.2
135 352

63,() 37.8

2.()() 5,37

I 86 242

333 36,6
122 ~’)]

().(K) (),()()
lx] I X4
71,3 295
1~~ 97,8
0.()() ().00
27,() I ().5
NR ().(u)
5.44 I .63
().58 0.51
94.9 32X

().2() (). 1()
(j~y ().00
430 (),()()
(),(M) ().()()
().()() ().00
(). !() ().()()
().10 ().0()

Tutal Local 1,322 547 3,083 2,783

I .40
1.40
1,10
0.90
().9()
().80
().80
l,~x

().x()
().7()
(),7()
I .00
().x9
1.70
1.64
I .48
4.50
I .40
2.41
I .95
I .70
I .50
1.63
1,50
().6()
2.66
1.30
(). 1I
3,46

().5()
I .02
4.14
().x()
3.36
().39
(),47
().3()
().8X
3.46
(),49
().()()
(),()()
().()()
().()()
0.00
().00

2.9X 10 ; 2.9 x 10 ‘ 4.5 x 10 $ 1.3 x 10 ‘ 6.5 x 10 “
4.5x 10 ‘ 4.5X 10 ‘ 5.3X 10 6 1.9X 10 6 1.3X 10 “
4.5 x 10 ‘ 4.5X 10 3 5.3X 10 6 1.9X 10 “ 1.3X 10 “
1,4X 10 ‘ 1.4X 10 ‘ 8.9X 10 5 3.6X 10 ‘ 2.6X 10 ‘
1.4X 10 ‘ 1.4X10 ‘ 8.9X1O ‘ 3.6X 10 ‘ 2.6X 10 ‘
4,6 x 10 “ 4,6X 10 4 8.7 x 10 5 8.3 x 10 4 4.6X 10 4
4.6X 10 4 4,6 x 10 4 8.7 x lo-s 8.3 x 10 4 4.6 x 10 4

4.6x 10 ‘ 4.6 x 10 4 8.7 x 10-” 8.3 x 10 4 4.6 x !0 4
4.6X 10 4 4,6X 10 4 8.7 X 10 ‘ 8.3 X 10 ‘ 4.6 X to ‘
3.7 x 10 ‘ 3.7 x 10 ‘ 5.2x 10-2 3.8X 10 5 2.8x 10 ‘
3.7 X 10 ‘ 3.7 X 10 ‘ 5,2 X 10 2 3.8 X ]() 5 2.8 X ]() ‘

1.8x 10 ‘ 1.8X IO ‘ 4.5X 10 5 1.3x 10 ‘ 6.5x 10 “
2,8 x 10 4 2.8 x 10 4 4.5 x 10 5 1.3 x 10 5 6.5 x 10 “
I.sx 10 ‘ 2.1 x 10 2 1.5 x 10 ‘ 7.7 x 10 “ 6.OX 10 “
1.5X 10 ‘ 2.1 x 10 2 Is x 10 ‘ 7.7 x 10 6 6.OX 10 “
1.5X 10 ‘ 2. I x 10 2 Is x 10 ‘ 7.7 x 10 “ 6.OX 10 “
7.0 x I o“ 1.6X lo” 1.5 x 10 ‘ 7.7 x 10 “ 60X 10 “
6.5 x 10(’ 1.4 x 10” ~,~x 10 ~ 3,5X 10 ‘ l,~x [() ‘

3.6 x lo” X.1 x 10 ‘ 2,9X 1()-3 1.2X 10 4 5.2 x !0 5
4,2 x 10” 9.XX 10 ‘ 1.5X 10 ‘ 5.9X 10 “ 1.8X 10 ‘
2.5 X 10 ‘ 2.5 X 10 ‘ 2,3X 10 4 1.3X 10 5 6.5 x 10 “

6.7 x 10 ‘ 6,7X 10 4 3.6X tO 4 1.3X 10 5 6.5 X 10 “

1.5X 10 ‘ 2.1 X 10 ~ 1.5X 10 ; 7.7X 10 “ 6.OX 10 “
2.8 x 10 4 2.8 x 1o-” 4.5 x 10 $ 1.3 x 10 5 6.5 x 10 “
3.9 x lo” 1.9X 1o-” 1.2X 10”’ 3.2X 10 6 3.8x 10 “
3,9 x 10(” 1.9X 10 ‘ 1.2X 10 ‘ 3.2X 10 “ 3.8X 10 “
3,8 X 10 ‘ 1.9X 10 z 6.9x 10 z 1.8x 10 ‘ 1.2X 10 “
1,~ x lo~l 5.8 X 10 z 4.5 X 10 4 10X 10 “ 8.5 x 10 “
5.4 x 1o’” 2.7 XI() ‘ 3,2X1O ; 1,9X10 6 I.1 x 10 “
5,4 x 1()” 2.7 XI() ‘ 3.2XI0 3 1.9XI0 6 I. I x 10 “
2,9 x lo” 1,5X 10 ‘ 5.9 x 10 3 2.7 x 10 “ 3.6 x 10 “
5.4 x 10” 2,7x 10-1 3.2x 10 3 1,9X 10 c’ I. I X 10 “

5,4 x 10’” 2.7x 10 ‘ 3.2X 10 3 1.9X 10 h 1.1 X 10 “
5,4 x 10” 2.7x 10 ‘ 3.2X 10 3 1.9x 10 c’ 1.1 x 10 “
~,~ x ]()[) I.1 x 10 ‘ 4.9 x 10”2 2.5 x 10 “ 3.6X 10 ‘
1~ x ](y) 5,{) x ]() 2 6,8 X 10-2 2.2X 10 ‘ 3.OX [() “

[ ,’2 x lo’) 5,9 x 10 2 6.8 x 10 2 2.2X 10 ‘ 30X 10 “
1.8X 10 ‘ 8.9X 10 J 4.9X [() ~ 2.5 x 10 “ 3,6X 10 7

5,4x 10 2 5.4x 10 2 6,8X 10 2 2,2x 10 5 3.OX 10 “
[,2X 10 1 ~.ox 10 ] 4.9 X 10 ‘ 2.5 X 10 ‘ 3.6X 10 ‘

4.3 X105 4.3 X105 1.4 X105 3.3 XI0’ 3.7 XIO”
4.5 XI0’4.5XI0’ 1.2 XI()”3 6.1X1074.4X107
4.3 x 10 5 4.3 x 10 5 1,4X 10”5 3.3 x 10 ‘ 3.7 x 10 “
4.3X 10 5 4.3XI0 5 1.4X10”” 3.3X 10 ‘ 3.7X 10 “
I .3 x 10(” 9.9 x 10 ‘ 2.OXI() ‘ 1.2X 10 ‘

3,9 x 10 ‘ 7,3 x 10 ‘ 5.5 x 10 2 4,7 x 10 ‘

“ Suil represents the current cnnditiuns (m Bikini Island, Bq g 1 dry wt.
‘ Sui] represents the suil rcmot,al and putassium treatment {~pti(m fur Bikini Island, Bq g ‘ dry wt

intake of I L d-’ of drinking water. We assume for the
dose assessment that cistern water is available for 60% of
the year and that groundwater is used for 40% of the
year. The rainfall during the dry part of the year (De-
cember throu,gb April) can sometimes be very low, such
that fresh water supplies are exhausted and the people
resort to the use of brackish but potable ground water.
The 40% intake of groundwater over a lifetime is very
conservative in that this process does not occur every

year, and some years for only a month or two. Soda and
fruit drinks are frequently available and account for some
of the daily fluid intake. The total daily drinking fluid
intake from all these sources is between 2 and 2.5 L d ‘.

Diet
The radiological dose from the ingestion pathway

will scale directly with the total intake of radionuclides,
which is proportional to the quantity of locally grown
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Table 2. Median (and mean) concentrations in Bq g ‘ dry weight of ‘37CS,“OSr, 2’[” 240PU,and 24’Am in soil at Bikini
Island,

No. of No, of N(). of Nu. 01
Soil depth, cm \anlplcs ‘ “c. samples ‘“)Sr s21n1ples 23“‘ ‘J(’PU \anlplc\ “’Am

lnleriOr 0! isllmd
()-5
5-1o

10-15
15-’25
25-40

4(P60
(M()

Village area
()-5
5–lo

I(L15
15–25
2540
4040”

040”

254
254
253
248
?46
217
240

74
73
72

71
71
46
71

2.3 (3.()) 55

1.2(1.8) 55

(),58 ( l.()) 55

().19 (0.48) 54

().()7 I ((). 19) 47
().[)18 (().()1~)) 13

(),7() ((),91 ) 47

l.? (2.()) 44
1.()(1.6) 44

().81 (1.2) 44
().53 ( I,()) 44
(). I 8 ((),8 [)) 43

().028 (().23 ) lx
().67(1,1) 43

1.7(2,1)
2,() (2.4)
1.5 (2.3)

().73(1.4)
().47 (().77 )
().32 (().65)

1.1(1.5)

I .() (2.())
1.’2( 2,())
1.5(1.7)

().9() ( i ,6)
().62 ( I .7)
().32 (1.2)

1.6(1,5)

54
55
55
51

46
13

45

().32 (().42)
(),29 (().44)
().15 (().34)

(),()53 ((). 16)
().()()81 (().()61)

().()11 (().()35)
(),17 (().21 )

().2() ((),4())
().3() (0.40)
[).22 (().28)
().14 (().25)

(),()64 (().?5 )
(),()()58 ((). I I )

().24 (().29)

157
151
I 27

X()
59
23
53

Note: Dcca), c(]rrccted [n 1999. Number in ptircntheses is the arithnletic mc:in

foods that are consumed. Therefore, a reasonable esti-
mate of the average daily consumption rate of each food
item is essential. Our laboratory, and others, in concert
with local government authorities, with the legal repre-
sentatives of the people, and with Peace Corps represen-
tatives, and anthropologists have endeavored to establish
and document pertinent trends, cultural influences and
economic realities. The diet model we use for estimating
the intake of local plus imported foods (1A diet model) is
presented in Table 1. The basis of this diet model was the
survey of the Ujelang community in 1978 by the Micro-
nesia Legal Services Corporation (MLSC) staff and the
Marshallese school teacher on Ujelang (Robison et al.
1983). A diet based on consumption of only local foods,
i.e., imported foods unavailable (IUA), is also listed in
Table 1.

Tbe ‘37CS concentration in most dietary items is
based on direct measurement. There are a few special
cases for animals or fowl that may roam the island.
Treatment is assumed to affect ingested ‘37CS in pork to
the extent that pigs eat treatment-affected vegetation and
soil from areas where soil has or has not been removed.
Food intakes for penned pigs are assumed to be 907.
vegettition and 1070 village area soil, whi Ie those for
unpenned pigs are assumed to be 9070 vegetation and
107. soil from areas outside the village. The pork from
penned and unpenned pigs are each assumed to comprise
507r of total pork consumed. Chicken is assumed to
correspond to the scenario assumed for unpenned pigs.
Coconut crabs are assumed to be taken from the western
islands of Bikini Atoll where they are plentiful.

DOSE METHODOLOGY

External exposure

Gamma radiation—Current conditions. The ex-
ternal exposure calculations for gamma radiation are

().26 (().3())
().19 ((),27)

().()81 (().18)
().()26 ((). I I )
().()12 (().()51 )
().()17 (().()73)

().1 I (0,14)

().1 1 (().22)
(). I 3 (0.20)
().12 (().19)

().()64 ((). 15)
().()59 ((). 13)
().()[2 ((),1 I )

().13 (().17)

based on measurements made on Bikini Island in 1978
and 1988 that are decay corrected to 1999. The following
arbitr~ry distribution of time was used to develop the
average external exposure:

●

●

●

●

Ten h d-’ are spent in the house where the
exposure rate is 4. I X 10-’() C kg- ‘ (1.6 KR
h-l);

Nine h d ‘ around the house and village area
where the exposure rate is assumed to be 2.2 X
10”-’) C kg-”’ (8.5 pR h-’) (weighted average of
outside house and general village sites);
Three h d-’ in the interior region of the island
where the average exposure is 4.9 X 10-’) C kg-’
(19 pR h -‘) (Tipton and Meibaum 1981);

TWO h d-’ on the beach or lagoon where the
exposure is 2.58 X 10-” C kg “ (0.1 KR h ‘),
based on EG&G data (Tipton and Meibaum
1981).

Although the selection of this particular time distri-
bution is arbitrary, general discussions with Marshallese
people and observations while we have been in the
islands make the selection reasonable. The resultant
contributions of ‘T7CS to the average dose equivalent
from a year’s occupancy of various island areas de-
scribed in the above scenario are as follows: inside
houses, 0.045 mSv; elsewhere in the housing and village
area, 0.2 I mSv; island interior, O. 16 mSv; beaches and
lagoon, 0.55 PSV. The total average external dose attrib-
utable to such occupancy in 1999 on Bikini Island is
about ().42 mSv y–’. Natural external background is
about 0.22 mSv y ‘.

Gamma radiation—Soil removal in the housing
and village area. The interior portion of the island is
assumed to remain the same, i.e., 4.9 X 10”-’) C kg -‘ (19
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pR h ‘), as listed under the current conditions. The time
distributions are also the same.

The exposure rate in the village area and inside the
houses after soil removal and placement of crushed coral
on the ground surface is assumed to be 5.2 X 10–’ ‘ C
kg ‘ (0.2 KR h ‘) and 2.58 X 10-” C kg-’ ((). I VR
h-] ), respectively.

The resultant contributions of ‘37CS to the aver~ge
dose equivalent from a year’s occupancy of various
island areas described in the above scenario are as
follows: inside houses, 0.0028 mSv; elsewhere in the
housing and village area, 0.0050 mSv; island interior,
0.16 mSv; beaches and lagoon, ().55 PSV. The total
average external effective dose attributable to such oc-
cupancy in 1999 on Bikini Island is about 0.17 mSv y–’.
Natural external background is about ().22 mSv y-’.

Beta radiation. Itis impossible to predict precisely
what the beta dose to the skin will be, but it is clear that
the “shallow dose” due to both beta particles and external
gamma exposure will be only slightly greater than the
dose estimated for external gamma whole-body expo-
sure. This higher “shallow dose” will occur primarily to
the most exposed parts of the body, usually the arms,
lower legs. and feet. The skin is a much less sensitive
organ to radiation than other parts of the body; conse-
quently, the beta contribution to the total effective dose is
extremely small.

Internal exposure

137CS. The conversion from the intake of 137CS to
the dose equivalent for the adult is based upon the ICRP
methods described in ICRP Publications 56, 61 (ICRP
1990, 199 1), which are based on Leg ett’s model (Leg-

,57
gett 1986). The biological half-life of Cs IS determined
as a function of mass (i.e., age) by the methods described
in the Leggett ( 1986). In a separate report we estimated
the comparative doses between adults and children (Ro-
bison and Phillips 1989). The results indicate that the
estimated integral effective dose for adults due to inges-

‘ ‘37CS andtion of ‘)OSr can be used as a conservative
estimate for intake beginning at any other age. In this
report we calculate only the doses to adults.

9“Sr. The model developed by Leggett et al. (1982)
is based on the structure and function of bone compart-
ments as generally outlined in the ICRP model (ICRP
1990). The bone is assumed to be composed of a
structural component associated with bone volume,
which includes the compact cortical bone, a large portion
of the cancellous (trabecular) bone, and a metabolic
component associated with bone surfaces. We will not
discuss further det~ils of these models, but refer the
reader to the original articles and their associated refer-
ences for additional discussion and clarification (Leggett
et al. 1982: Cristy et al. 1984). Doses listed in this paper
are calculated from the Leggett model

Transuranic radionuclides (23Y+24’)Pu and 24’Am)

Ingestion, We calculated the dose equivalent from
in estion of transuranic radionuclides (--qy+240Pu and

F24 Am) by ICRP methods (ICRP 1986, 1993a). The
amount of ingested plutonium or americium crossin the

$-gut wall to the blood is assumed to be 5 X 10- for
plutonium and americium in vegetation, and 10-5 (Har-
rison et al. 1989) and 5 X 10–4 for the fraction of
plutonium and americium, respectively, ingested via soil.
Of the fraction of plutonium or americium reaching the
blood, 457o is assumed to go to bone and 45% to the liver
(ICRP 1986, 1993a). The biological half-life is 50 y in
bone and 20 y in liver for both elements (ICRP 1986,
1993a). The quality factor is 20 for the alpha particles.

Inhalation. The dose equivalent from inhalation for
the transuranic radionuclides is based on the intake
determined from the assumptions discussed in the section
on a airborne, respirable radionuclide concentrations of
this paper and the ICRP new lung model dose method-
ology (ICRP 1986, 1990. 1994). The ’39+ 2qoPu and
“’Am are considered class W particles, and the quality
factor is 20 for the alpha particles. Other parameters are
as described in the ICRP method previously discussed
for the ingestion of transuranic radionuclides. The
activity-median aerodynamic diameter (AMAD) is as-
sumed to be I ~m, which provides a slightly conserva-
tive dose estimate (i.e., slightly higher dose) because the
observed AMAD was about 2.5 Km in the Bikini
experiment (Shinn et al. 1997).

210P0, 2“)Pb. The estimated dose from ingestion of
natural 2]OP0 and 2’OPb is based on lCRP data and
methods (ICRP 199 I ). The weighted committed dose
equivalent per unit intake of activity for 2’OP0 is 2.2 X
10--7 Sv Bq-’, and for “’)Pb it is 1 X 1()-6 Sv Bq-’.

Body weights and biological half-life of ‘37CS
Data from Brookhaven National Laboratory (BNL)

have been summarized to determine tbe body weights of
the Marshallese people (Conard et al. 1959, 1960, 1963,
1975; Miltenberger et al. 1980a’E, 1980b). The average
adult male body weight is 72 kg for Bikini, 71 kg for
Enewetak, and 69 kg for Utirik. We have used 70 kg as
the average male body weight in our dose calculations.
The average biological half-life for the long-term com-
partment for ‘37CS in adults is listed as 110 d in ICRP
( 1990) and NCRP ( 1977). This is consistent with data
obtained by BNL on the half-time of the long-term
compartment in Marshallese (Miltenberger et al. 198 I;
Miltenberger and Lessard 1987). The distribution of
biological half-life in 23 Marshallese adult males is
Iognormal with a median of 115 d, a mean of 119 d, and
a range of 76–178 d. We used the 110 d half-life because

I Personal c(JllltllLlnic:ltion,Miltenberger, R. P.: Greenhouse, N.;
CLI:I, F.: Lessard. E. Working Dfiit’t: Dict;iry r;tdi[jactivity intake from
hi(>:lss~iydata II model :lpplied 10 cesium- 137 int:lke hy Bikini [s]:md
residents, Brookht]ven National Ltib(~ratory: 1980,
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it is based on a much larger sample population and the
difference between it and the 1 I5 d half-life observed in
23 Marshallese males is minimal.

COUNTERMEASURES—MITIGATION OF
FOOD-CHAIN DOSE

All remedial actions were evaluated against the
criteria of reducing the estimated average maximum
annual effective dose to about the world-wide average
background effective dose of 2.4 mSv. A countermeasure
is not recommended to the communities for consider-
ation if it cannot lead to a dose below this criterion.
Countermeasures evaluated to reduce the dose from
137CSthrough the terrestrial food chain include salt water
irrigation (leaching), zeolites and mineral clay soil
amendments, repeated cropping, soil removal (excava-
tion), and potassium (K) treatment. All but the last two
options have been discarded as either less effective or
difficult to implement or both.

Experiments at Eneu Island at Bikini Atoll using
potassium-rich fertilizers ( 16N- 16P- 16K) or KCI show a
reduction of about 20-fold in the concentration of ‘37CS
in coconut meat and fluid; the 137CS concentrations in
foods grown witho~t potassium-rich fertilizer range from
0.24 to 1.3 Bq g wet weight, while the 137CS concen-
trations in foods grown using potassium-rich fertilizer
are less than 0.074 Bq g -1 (Robison and Stone 1992).
We began a similar experiment on Bikini Island where
the 137CS concentrations in soil, coconut, breadfruit, and
other local foods are about 8 to 10 times higher than at
Eneu Island. The results of that experiment through May
1994 show that we have reduced the 137CS concentration
in coconut meat and fluid from a range of 5.6 to 11 Bq

g -‘ wet weight to about 0.55 to 0.74 Bq g-1 wet weight;
in those trees where the initial concentration was be-
tween 1.9 to 3.7 Bq g-[ wet weight, the potassium
treatment has reduced the 137Cs concentration to less
than 0.35 Bq g-1 (Robison and Stone 1992). A second
treatment 5 I mo after the original K application showed
a further reduction in the i37CS concentration in drinking
coconut meat (Fig. 3). Moreover, one row of coconuts
(K 1000 1 treatment) that has received no K since the
original treatment shows only a slight increase in 137CS
concentration after about 6 y. Several other experiments
with coconuts support the above results (Robison and
Stone 1992). The same reduction in the uptake of 137CS
has also been observed in breadfruit, PtJrzdanus fruit,
papaya, and several grain and vegetable crops.

Of course, excavation of the top 30 to 40 cm of soil
over the whole island also will effectively reduce the
potential dose, both external and internal. This option,
however, would entail significant environmental cost, as
well as high dollar cost. The removal of the top 30 to 40
cm of soil would carry with it the removal of essentially
all of the organic material—material that has taken
centuries to develop and that contains most all of the
nutrients needed for plant growth and provides water-
retention capacity of the coral soil. Moreover, this would
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Fig. 3. The reduction in the uptake of’ ‘” Cs into drinking coconuts
at Bikini Islfirrd :Lfter tin initi:d and a second application of
potassium.

obviously require removing all the mature coconut,
breadfruit, Pa~tdanus, lime, and other trees that supply
food, windbreak, and shade at the island and take years to
mature. This option would thus necessitate a very long-
term commitment to rebuild the soil and revegetate the
island. Such a commitment would, in turn, seem to
suggest a continuous infusion of effort and expertise, the
availability of which does not now seem assured. We
have not addressed the matter of the disposal of the very
large quantity of removed soil and vegetation, but recent
experiences at other locations indicate that this would
present a formidable problem of both acceptance and
cost.

UNCERTAINTY AND INTERINDIVIDUAL
VARIABILITY IN ESTIMATED BIKINI DOSES

Doses estimated as described in the Dose Method-
ology section are based on distributed quantities reflect-
ing either urz(ertainty (i.e., lack of knowledge concerning
“the true” value) or interinditid~~cd ~~ariabifi:?:(which
hereafter will be referred to simply as “variablhty,” i.e.,
heterogeneity in values pertaining to different people), or
both; consequently, predicted dose will necessarily re-
flect both of these characteristics as well. To characterize
such uncertainty and variability it is necessary to system-
atically distinguish these attributes as each or both may
pertain to each input variate (Bogen and Spear 1987;
IAEA 1996; Bogen 1991; NRC 1993). Another paper in
this issue (Bogen et al. 1997) provides a detailed analysis
of the methodology and results of the uncertainty and
interindividual variability in the estimated doses at Bikini
Islands.

RESULTS

The estimated maximum annual and integral effec-
tive dose for people resettling Bikini Island are calcu-
lated using our diet model, the average radionuclide
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concentrations in foods, the average biological removal
rates and depositions for the radionuclides in organs or
the whole body. and the average external dose r~tes.
Doses are presented for two cases: imported foods
available (IA), and imported foods unavailable (IUA);
that is, consumption of only local foods. The 1A diet
consists of about 6070 imported foods and 40Yr locally
grown foods. The doses listed under the case “IUA” are
calculated assuming no imported foods are available and
that only local foods are consumed over the entire
lifetime of the people’s residence on Bikini Island. Our
observations lead us to conclude that the latter case is
unrealistic over any extended period of time and highly
conservative. Nonetheless, even though such a diet will
never again exist in the Marshall Islands, the dose based
on such a diet are presented here so that the reader may
apply different assumptions, or the results of future
observations, and develop an apportioned dose estimate.

The doses are also calculated for both the current
island conditions (i.e., no remediation) and for the
cleanup scenario, where the top 40 cm of soil is removed
from the housing and village area where people spend
most of their time, and the rest of the island (coconut
grove) is treated with potassium fertilizer.

As part of a recent National Academy of Sciences
review of our program it was recommended that we
double the calorie intake of the diet consisting of only
local foods (IUA) from the survey because the diet as
developed from the survey data would lead to weight loss
and could not be sustained for long periods of time. We
did this by doubling the intake of all foods for the
original IUA diet. The doses listed in the following tables
for the IUA diet are, consequently, based on twice the
radionuclide daily intakes.

Estimated doses for resettlement for current
conditions on Bikini Island

The aver~ge maximum annual effective dose esti-
mated for’ residents on Bikini Island when imported

foods are available (Table 3) is 4.0 mSv. The 30-,50- and
70-y integral effective dose for residents of Bikini Island,
for IA, and local foods only (IUA) diets are listed in
Table 4. The doses are presented by internal and external
exposure pathways and by radionuclide so that the
contribution of each pathway and nuclide can be evalu-
ated. The 30-, 50- and 70-y integral effective doses are 9 I
mSv, 130 mSv, and 150 mSv, respectively; the same
doses for the local foods only diet (IUA) are 350 mSv,
480 mSv, and 560 mSv.

The relative contribution of each of the exposure
pathways is presented in Table 5. The dose from the
terrestrial food-chain pathway accounts for about 907. of
the total estimated 30-y integral effective dose; 137CS
accounts for about 96% of this dose, and ‘)OSr for about
17P. Any procedure that would either block the uptake of
137CS into food crops and/or eliminate it from the soil
column would substantially reduce the potential expo-
sure of the people living on Bikini Island. The external
gamma exposure is next in significance and contributes
about I ()~e of the 30-y integral effective dose.

Estimated doses for resettlement after soil removal
in the housing and village area and potassium
treatment of the rest of the island

The average maximum annual effective dose for this
scenario is estimated to be 0.4 I mSv for the 1A diet, and
1.2 mSv for the IUA diet (Table 6). The 30-, 50-, and
70-y integral doses for the 1A diet are 9.8 mSv, 14 mSv,
and 16 mSv; and for the IUA diet they are 31 mSv, 43
mSv, and 50 mSv, respectively (Table 7). For both diet
models the counter measure scenario leads to about a
10-fold reduction in the dose. The relative contribution
for each pathway for this countermeasure scenario is
listed in Table 8.

A summary of the doses for the two island condi-
tions and two diet scenarios showing the dose reductions

Table 3. The tnaximum annual organ dnse equivalent and effective dnse r~te in mSv y ‘ for Bikini [s!und residents for
current island conditions when imported fn(>ds tire av:iilable.

Dose equivalent rate, nrSv y ‘

Weight Externu] Internal Internal Total
t’actur glmma ingestiOn inh~l~tif)n

B(mc (). 12

c)rgan

().40 4.() 0.()()2 1 4.4
rearm w

Bone surfuce ().() I ().4() 4.2 (),()24 4,6
Gonad\ ().20 ().4() 3.7 ().()()()3 I 4. I
Lung (). 12 ().40 3.4 ().()()33 3,7
Breast ().()5 ().4() 3,() ().()()()063 3.4
Thyroid (),()5 0.40 3.4 ().()()()063 3.8
Liver ().()5 ().4() 3.6 (),()()49 4,()
Col{)n (). I 2 ().40
Stmnach

3.7 (),()()()068 4,1
(). 12 ().4() 3,6 (),()()()063 3,9

Bluddcr ().()5 ().4() 3.7 (),()()0063 4.I
Oesuphagus ().()5 ().4() 3.5 (),000()63 3,X
Skin (),()I (),4() 2,9 ().()()()()63 ~.~
Remainder (),()5 ().40 3.7 ().()()()063 4. I
Total et’lective dose equivalent rate” 4,()

“ Weighting t’:lctnr multiplied by t[~[al organ dose.
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Table 4. The 30-, 50- and 7f)-y integral effective dose for Bikini Islund residents for current island conditions when

imported foods are available and when only local foods are consumed. Numbers in parentheses are the doses for the
“local food only” diet (IUA).

[ntegml et’lec(ive dose, rnS\

30 y 30 y 50 y 50 y 70 y 70 y

External
Internal

Irrgestirrn
‘ 3’CS
“’]Sr
“<’ “[)PU
~“Anl

]nhulaticm
‘ ‘<’‘ “’)Pu
~“Am
Tottil’”

9. I

81
().85
().() 11
(),()18

().()69
(),()5()
91

(9.1 )

(330)
(5.9)

(os)98)
(().()62)

(().069)
(().()5())
(350)

13

I 10
1,2
(),()2X
().()43

(), 16
(). 1I
130

(13)

(460)

(8.6)
(().24)
(().15)

(().16)
((). I I )

(480)

Is

I 30
I .5
(),()5 1
().075

().23
(),15
I 50

(15)

(530)
(10)

(().44)
(().26)

((),23)
(().15)
(560)

“ The tc)tul dc~semuy vary in the scc(md (tecimal place due (n rounding

Table 5. The 30-, 50-, and 70-y integr~l effective dose for the

various exposure pathways for the imported foods available die(.

Efl’cctivc integml equivalen( dose,
nlsv

Exposure pathway 30 y 50 y 70 y

Terrestrial fond 8’2 110 130
External gammu 9. I 13 Is
Marine fOOd ().()48 ().()96 (). I 6
Cistern and grOund water (),15 ().2 I ().25
Inhalation (). 12 ().27 ().3X

Total’” 91 I 30 150

“ The tntal dnse m~ly vary in the secnnd decimal place due tn rounding,

associated with the countermeasure option is listed in
Table 9.

VALIDATION OF ENVIRONMENTALLY
DERIVED DOSE ASSESSMENT

We assessed the “environmental data/model” ap-
proach by comparing our estimates of the body burden
(i.e., dose) in people residing on Rongehtp Atoll using
our environmental data, the models and methods outlined
in this paper, and three diet models with the actual
whole-body measurements conducted by BNL. ”r The
LLNL diet model predicts very closely the results of the
whole-body measurements over an 8-y period. Two other
proposed diet models lead to estimated body burdens Fdr
in excess of those observed by whole-body measure-
ments. Results from Utirik Atoll are similar in that the
LLNL diet model predicts actual observation while the
other two proposed diets once again significantly exceed
the observations. A more detailed analysis of this vali-
dation is given in a comparison paper in this issue
(Robison and Sun 1997).

The estimated effective doses from plutonium based
on the concentrations in food, soil and air are very similar

‘ Personal c(~tlltllullications, Lcssard, E. T.: Miltenberger, R.,
Bmokhaven National Laboratory, Upton, NY; 1979,

to those calculated by BNL based on the analysis of
plutonium in urine of the Rongelap people (Sun et al.
1992). These two very independent methods are in
excellent agreement on the magnitude of the dose from
the transuranic radionuclides as shown in Table 10. The
estimated average committed effective dose for 50-y
residence from plutonium based on environmental data
and models is 0.26 mSv (O. 10 mSv 50-y integral effec-
tive dose). The value of 0.40 mSv committed effective
dose from urine analyses is based on the detection limit
of the analytical method used for detection of plutonium
in urine. The median value for plutonium in the urine of
all the people analyzed is below this detection limit
value. The people have been living on Rongelap Island
for about 28 y subsequent to the fallout from BRAVO
where the plutonium concentration in the surface soil is
about (). I I Bq g”- 1. Consequently, both methods indicate
that the effective committed dose from plutonium at
Rongelap Island is below ().40 mSv for residence be-
tween 30 and 50 y.

DISCUSSION

Comparison of estimated doses to adopted
guidelines and to background doses

Perspective can be obtained by comparing these
estimated doses for Bikini Island with natural back-
ground sources in the United States. The average annual
effective dose from natural background sources in the
United States is about 3 mSv y--1; the breakdown by
source is given in NCRP ( 1987a). The world-wide
average background effective dose is 2.4 mSv y- 1 with
some areas over 10 mSv y– 1 (UNSCEAR 1988). The
maximum annual effective dose for current conditions on
Bikini Island in 1999, using average values for parame-
ters in the dose model, is 4.0 mSv y-1 when imported
foods are available. This, of course, is above the average
natural background doses in the U. S., but below that in
some locations in the world (UNSCEAR 1988). The
natural back round dose in the Marshall Islands is about
2.4 mSv y -F of which a significant fraction comes from
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Table 6. The maximum annual organ dose equivalent and effective dose rate in mSv y i for Bikini lslmrd residents for

the soil removal and potassium treatmen( o~tiorr.

Dose equivalent rate. mSv y ‘

Cmnmon to both Diet l” Diet 2“
diet I and 2 Imports available imports an:tvai]able

Weight Ex[ern:il Intemtil Internal Total Internal Total
l’;lctnr gmnml inhalation ingestion nrg;m ingestion organ

Bone (), I 1 (), 16 (),()()14 (),37 ().53 [,8 2,()
mtirmw

Bone sur~~cc ().()1 (). {6 ().()16 ().43 ().6 1 ~,~

Gonads
2.4

(),2() (),16 os)002” 1 (),25 ().4 I 0,97 1.1
Lung (), 12 (). I 6 ().()()?3 ().22
Breast

().3X 0.87 1.()
().05 ().16 4.3E-05 ().2() ().36 ().77 ().93

Thyroid ().05 ().16 4.3E-05 ().23 0.39 (),89 1.1
Liver ().05 (). 16 0.()()34 ().24 ().40 (),94 1.1
Colon (), I 2 (), I 6 4.7E-05 ().27 ().43 1.2 1.4
Stmnach (),12 (), 16 4.3E-05 (),23 ().39 ().92 1.1
Blflddcr ().05 (). I 6 4,3E-05 ().24 (),40 ().97 1.1
Ocsophagus ().[)5 (). 16 4.3E-05 ().23 (),39 (),89 1.1
Skin ().()1 ().16 4.3E-05 (),19 ().35 ().74 (),9()
Remainder ().()5 (), I 6 4.3E-05 (),24 ().4() ().96 1.1
Tot~~l effective dose equiv ~lent rote< 0.41 1.2

“ Diet I = imported foods av:til~hle diet (IA).
“ Diet 2 = Incal foods only diet, i.e., imported foods urrilvailablc ( IUA),
‘ Weigh[ing factor multiplied b) totol org:m dose,

Table 7. The 30-, 50- and 70-y intcgml effective dose for Bikini Island residents for the soil removal/K treatment option
when imported foods are availuble and when only loco] foods are consumed,

Integml effective dose. mS\

30 y 30 y 50 y 50 y 70 y 70 y

External
Internal

lngestimr
‘ ‘7c\
C“)Sr
2‘<’‘ 2“)PU
“’Am

Inhalation
2’” ‘ ~-r”Pu
2“Am
Total”

3.6

5.3

().84
().()1 1
().()1 I

().043
().()4
9.8

[3.6)”

(~1)

(5,9)
(OS)98)
(().()55)

(().()43 )
((),()4)
(31)

49

7.2
1,2
().()28
().()26

(). I 1)

().()x
14

(49)

(28)
(8.6)
(0.24)
(().13)

(().1())
(().08)
(~~ )

5.7

8,5
1.5
(),()5 1
().()45

(). 14
0.11
16

(5.7)

(33)
( 10)
(().44)

(().23)

(0.14)
(0.1 I )
(50)

“’Number\ in p;ircnthese~ zire the doses for the “local food only” diet.
b The to(til dose m;Iy \ ory in the sec(md decimal place due to rounding.

z ‘(’Po via consumption of fresh fish (Noshkin et al. 1994;
Robison et al, 1997). Thus, the natural background dose
plus the manmade component of the dose totals about 6.4
mSv, which is above the U.S. and world-wide average
background dose, but still less than locations in some
parts of the world (UNSCEAR 1988).

Guidance of 1 mSv y-] for the general public from
the International Comtnission and Radiological Protec-
tion (ICRP 1990) and the National Council on Radiation
Protection (NCRP 1987b) are often quoted for reference.
However, these guidelines are developed for controlling
prospective dose; that is, for controlling future dose
above a natural background baseline dose for practices
such as nuclear power plants, uranium mining opera-
tions, fuel reprocessing plants, storage facilities, etc., that
have a potential of exposing the general public. This

Table 8. The 30-, 50-, and 70-y integml effective dose for the soil
removal/K treatment option for the various exposure pathways
when imported foods are available.

Effective integml equivalent
dose. mS\f

Exposure pathway 30 y 50 y 70 y

Terrestrial food 6.() X,3 9.8
External gamma 3.6 5 5.7
Marine food ().()48 0,096 ().16
Cistern and ground water (). 15 (),21 ().25
Inhalation 0.08 0.18 ().25

Totzd” 9.x 14 16

“ The total dose may v:try in the sec[md decimal place due tn rounding.
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Table 9. Comparison of estimuted effec(ive doses for two diet models and two island conditions.

Local foods on Iy (i rnports
Imports a\,ailable unav;lillble)

Diet mode] Current Soil Cul-ren( Soil relmoval

Island status conditions + K treotnlent conditiorrs ~nd K treatment

Maximum average 4.[) ().4 1 Is 1,2

annual effective dose,
mS ~f

30 y integral dose, mSv 91 9.8 350 31
50 y integral dose, mSv I 30 14 480 43
70 v inteeml dose, mS\ 150 16 560 50,.

Table 10. The aver~ge committed effective dose from plutonium
und americium at Rongelap Island in mSv.

Method

Urine
Erwiromnental imalysis

(LLNL)” (BNL)

Comnl itted 50-y integral Ct)mmiUed
et’fcctive effective eft’ectivc

dose dc)se dose

Plutonium ().26 (),1() ().4()”

Americium ().23 (),()7X Nc) e~tim~tc

“ Twc) significant figures to $how slight dit’fercncc between plutunium :md
;mlcriciunl.
“ Bused (m the detection linli(: actu~il dose is bcluw this number.

guidance is not relevant to a situation such as in the
Marshall Islands or other regions that have been contam-
inated where people wish to live.

For situations such as the Marshall Islands and areas
contaminated by the Chernobyl accident, a new baseline
of dose to the population has been created. The reduction
of the new dose level by intervention strategies should be
evaluated based on the reduced risk of detriment ex-
pected from the intervention relative to the dollar and
social cost, environmental impact, and possible dose
substitution resulting from the proposed rernediation
strategies. In other words, intervention should be consid-
ered only if it will do more good than harm.

Consequently, the decision to initiate intervention
efforts will vary from case to case depending on the
accompanying circumstances and issues. No specific
guidance for an intervention level is given by any
governing body, commission or board, but general guid-
ance from the ICRP and IAEA can be used to infer an
operational level. The ICRP (ICRP 1993b) has indicated
that remedial actions, such as moving from one’s house
or paying for expensive remodeling, for people continu-
ally exposed in their homes to natural radon, is probably
justified if the annual equilibrium radon concentration is
above 600 Bq m-3 (an annual effective dose of about 10
mSv). This is based on intervention principles set forth in
ICRP Publication 39 (ICRP 1984). This is a direct
commentary on the difference in a policy or guidance
designed for practices to limit the dose to the public
where prospective dose can be controlled and limited in

order to reduce even a small risk, and the case where
previous contamination of a region is negatively affect-
ing peoples lives. In the latter case, the guidance recog-
nizes the fact that the risk is small from radiation doses
that are above the prospective dose guidance but below
about 10 mSv; such doses should not be used c1priori as
a basis for negatively affecting peoples lives, creating
hardship, causing great expenditure of resources, or
preventing people from occupying homes and lands. It is
also a statement on the conservative nature of the
prospective dose guidance.

The International Atomic Energy Agency (IAEA) in
their Basic Safety Standards (BSS) (IAEA 1996) also
indicate that the action level for remedial action for radon
in dwellings should FJII between 200 and 600 Bq m 3
yearly average concentration. Below this range remedial
action would not be required. Moreover, the BSS state
that lifetime doses, if projected to lead to a dose exceed-
ing 1 Sv, should lead to permanent resettlement. With the
radiological decay of ‘37CS over 70 y, this would
translate into an initial dose rute below about 20 mSv y -1
for un action level. Some 5 I countries and most organi-
zations concerned with r~diation protection were in-
volved in the review and endorsement of the BSS.

The general consensus frolm major commissions and
agencies is thtit below about 10 mSv y -1 the situation
should be reviewed, and if a cost effective, socially-
neutral itnpact. environmentally-sound remediation strat-
egy can be found to reduce the dose further, then it
should be considered. If not, resettlement of homes and
lands should not necessarily bc prohibited.

The application of potassium to the surface soil and
the subsequent dissolution and transport into the root
zone during periods of rainfall is very effective in
reducing the concentration of 1~7Cs in edible foods. If a
reasonable agricultural program is implemented that
includes periodic use of fertilizer, the dose from 137CS
through the food chain will be greatly reduced, and the
growth and productivity of some plants and food crops
will be enhanced. The variety of food crops at Bikini
Island that have been treated with potassium in our field
experiments have shown a reduction in the concentration
of ’37Cs to ubout 5% of pretreatment concentrations. The
resulting 137CS concentration in food crops is between
100 and 200 Bq kg 1.
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The Codex Alimentarius Commission has estab-
lished guidelines for the concentration of various radio-
nuclides in foodstuffs that may be shipped across inter-
national borders (FAO/WHO 1991). The concentrations
below which foods can be transported across interna-
tional boundaries and used for general food consumption
are listed in Table 11. The concentration for ‘37Cs in

foods is 1,000 Bq kg-1. The 137CS concentration in food
products at Bikini F~ll between 100–200 Bq kg--1 after
potassium treatment, which is well below the Codex
Alimentarius guidelines.

This use of potassium fertilizer, coupled with the
soil removal and addition of crushed coral in the housing
and village areas, could reduce the average maximum
annual dose from about 4.0 mSv to about 0.41 mSv.
Consequently, the combined natural background and
manmade dose after potassium treatment is 2.8 mSv y’” ]
(2.4 nlSv y-’ + 0.41 nlSv y- ‘), which is similar to the
U.S. average annual background dose of 3 mSv. The
average background dose in the U.S. over a 50-y period
is i 50 mSv. The average background dose in the Mar-
shall Islands over 50 y is estimated to be 120 mSv
(Robison et al. 1997); the 50-y integral effective dose at
Bikini Island after the soil removal/potassium treatment
remedial action is estimated to be 14 mSv. Consequently,
the combined dose at Bikini, natural background plus
manmade, for a 50-y period is about 134 mSv, after the
remedial action. Thus, because of the radiological decay
of ’37Cs, the combined natural background dose and the
dose from the manmade component ( 137CS, “(’Sr,
‘~”’ ‘40PU, ‘41Am) over 50 y is about the same as the
50-y natural background dose in the U.S. and the
world-wide average. The 137CS, ‘)OSr, 23” ‘ ‘40PU and
241Am are still in the soil although the ‘37CS uptake into
foods is greatly reduced. However, the half-life of ‘-~7Cs
is 30.1 y (and 28 y for “’)Sr) so that in 120 y the 137CSwill
be about 6% of the current concentrations. That will in
effect bring the 137CS concentration to levels that don’t
require a remedial action. This is less time than it will
take to rebuild the soil if the top 40 cm of the island is
excavated and discarded.

Moreover, we continually see 137CS in the ground-
water at all contaminated atolls; the turnover time of the
groundwater is about 5 y. The 137CS can only get to the
groundwater by a leaching process through the soil
column when a portion of the soluble fraction of 137CS is
transported to the groundwater when rainFall is heavy
enough to cause recharge of the lens. Environmental

Table 11. Generic action levels for foodstuffs.

Fut)ds destined for Milk, infant foods and
genera] consumption drinking wilter

R~dionuclides (kBq kg- ‘) (kBq kg ‘)

‘ “CS, ‘ ‘7CS, ““RU 1 1
“’(’Ru, “’Sr
1311 (). 1
““Sr (), 1
2J’An], ,] XPL,,2?)PL, ().() 1 ().()()1

processes are causing a loss of 137CS out of the root zone
of the plants that provides a loss constant (A env) in
addition to radiological decay. Consequently, there is an
effective rate of loss, A eff = A rad + A env that is the
sum of the radiological and environmental-loss decay
constants. We have had, and continue to have, a vigorous
program to determine the rate of the environmental loss
~rycess. What we do know at this time is that the loss of

Cs over time IS greater than that estimated based on
only radiological decay.

CONCLUSIONS

The dose to populations resettling contaminated
atolls in the Northern Marshall Islands is dominated by
137CS that is transported from soil to the edible portions
of plants. The dose from 137CS uptake via the terrestrial
food chain accounts for about 90Yo of the estimated dose
at Bikini Island. “OSr contributes a very small percentage
of the estimated dose because of the uni ue Ca CO soil

- ,.%C, and )(&r insystem. [n fact, the relative uptake of . c
food crops at the atolls is totally reversed from that
observed in continental, silica-based soils. Most all the
data in the literature are based on experiments and
observations from silica-based soils. The transuranic
radionuclides, z~~)~z~opu and ’41Am, contribute in a

minor way to the estimated dose, but they will, of course,
have a long-term presence at the atolls. External gamma
is the second most si nificant pathway because of the
dose resulting from F‘3 Cs (Ba) gamma rays. The inhala-
tion, drinking water, and marine food pathways contrib-
ute only slightly to the estimtited dose at the atolls.

The estimated dose to the returning populations
under current island conditions will exceed background
doses elsewhere in the world. However, two different
remedial actions, excavation of the top soil and treatment
with potassium fertilizer, will reduce the dose at Bikini
Atoll so that the combined natural background dose plus
the dose from manmade radionuclides of bomb origins
will be less than natural background dose in the conti-
nental United States and Europe. Both remedial methods
will reduce the concentration of 137CS in food crops to
levels well below the Codex Alimentarius guidelines of
1000 Bq kg 1 (Codex 1994). Foods with a concentration
of ’37Cs below 1,000 Bq kg-1 are allowed to be shipped
across international borders for general use in the food
Supply.

Based upon the extensive data base of radionuclide
concentrations in the Bikini Island environment, the dose
assessments based on detailed evaluation of all exposure
pathways, and field experiments to evaluate remedial
options, several measures are identified to reduce the
dose to returning populations along with commentary on
their effectiveness and the positive and negative aspects
of each:

1. Remove the surface soil (() to 30 cm) in the area where
the village will be established and for 10 to 15 m
around each of the sites where houses will be built to
minimize the external gamma and beta and alpha
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2.

3.

exposure in the areas where people spend most of
their time. The estimated gamma dose can be reduced
by 40% by such action. The additional cost to remove
15 to 20 cm of soil from the relatively small area
included around each house and the village area
would be minimal, compared with the overall costs of
resettlement, since scraping and clearing is required to
begin construction and resettlement. There would
essentially be no adverse environmental effects from
such an action.

Place a 10-cm layer of crushed coral around the
village site and in a 5 to 10-m radius around each
house to provide some additional reduction in any
beta and gamma rays emanating from the soil subse-
quent to the soil removal and greatly reduce exposure
to any residual beta radiation. This should be accept-
able, as it is common practice in Marshallese villages
to use crushed coral around homes for both appear-
ance and dust suppression. The combination of the
soil removal and application of crushed coral can
significantly reduce the external exposure and provide
small reductions in internal exposure.

Treat the entire agricultural area of the island, where
coconut, breadfruit, and Pt/~?dt//?l{sfruit are growing,
with potassium chloride (KC1) or complete fertilizer
(nitrogen, phosphorus. and potassium ) to reduce the
uptake of 1‘7CS into food crops. A high-potassium
fertilizer can also be used in any family-type g~rden-
ing for the same reason. This option reduces the
estimated dose to 590 of pretreatment estimates and
minimizes the environmental impact. The major por-
tion of the island will be left intact including the
mature coconut grove, the surface soil that contains
nearly all of the organic material of the soil that has
taken centuries to develop, and the natur~l vegetation
windbreaks along the shoreline. The organic soil layer
is very important for growing naturtil vegetation and
food crops; it provides most all of the nutrients
required for plant growth, and increases the water
retention capacity of the soils. The potential reduction
in estimated dose from the food chain can be 95YP.
This plan, coupled with the soil removal and addition
of crushed coral in the housing and village areas
would have two positive effects. First, it could reduce
the maximum annual dose (assuming a mixed diet of
local and imported foods) from 4.0 mSv to about ().4 I
mSv and the total estimated 30-y. integral effective
dose at Bikini Island from 91 mSv to about 9.8 mSv.
Second, it would be helpful to crop production by
increasing the growth rute and productivity of some
food crops. The ‘37CS, ‘)OSr. ‘s’)+ ‘doPu, and ‘~ 1Am are
still in the soil although the 137CS uptake into foods is
greatly reduced. Thus, the potassium treatment can
solve the major dose problem until natural radionu-
clide decay reduces the 1-~7Csto insignificant levels in
about 90 y. The dose from ‘)OSris very low because of
all the excess calcium and stable strontium in the
calcareous, coralline soils that greatly reduces the
uptake of ‘)OSr in food crops. The ‘)’)Sr has a slightly

4.

5.

shorter half life than ‘37CS and will also be reduced to
insignificant levels within about 100 y.
Design adequate water catchment systems so that
fresh water will always be available, even during
extended dry periods, thus avoiding use of the con-
taminated ground water. Although the reduction in the
estimated dose from the ground-water pathway (it
contributes less than 0.0570 of the estimated dose) is
very much less than for the external gamma and
terrestrial food pathways, it is not an expensive
proposition to expand somewhat the water catchment
systems that will be a necessary part of any housing
and community design. Again. apart from radiological
considerations, this measure should be found accept-
able because of the obvious community benefits of
expanded and improved water catchment systems.
Consequently, another potential source of exposure,
albeit very low, can essentially be eliminated.
Of course, excavation of the to~ 30 to 40 cm of soil
over the whole island also will ~ffectively reduce the
potential dose, both external and internal. This option,
however, would entail environmental cost, as well as
high dollar cost. The removal of the top 30 to 40 cm
of soil would carry with it the removal of essentially
all of the organic material—material that has taken
centuries to develop and that contains most all of the
nutrients required for plant growth and that increases
water-retention capacity of the coral soil. This would
obviously require removing all the mature coconut
trees and other trees that supply food. windbreak, and
shade at the island. This option would thus necessitate
a very long-term commitment to rebuild the soil and
revegetate the island. Such a commitment would. in
turn, seem to suggest a continuous infusion of effort
and expertise. the availability of which does not now
seem assured.
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Paper

UNCERTAINTY AND VARIABILITY IN UPDATED ESTIMATES
OF POTENTIAL DOSE AND RISK AT A U.S. NUCLEAR TEST

SITE—BIKINI ATOLL

Kenneth T. Bogen, Cynthia L. Conrado, and William L. Robison*

Abstract—Uncertainty and interindividual variability were
assessed in estimated doses for a rehabilitation scenario for
Bikini Island at Bikini Atoll, in which the top 40 cm of soil
would be removed in the housing and vilPage area, and the rest
of the island would be treated with potassium fertilizer, prior
to an assumed resettlement date of 1999. Doses were estimated
for ingested 137CS and “)Sr, external gamma-exposure, and
inhalation +ingestion of 241Am + 23’’+240PU. Two dietary
scenarios were considered: imported foods are available (IA);
imported foods are unavailable with only local foods consumed
(IUA). After -5 y of Bikini residence under either 1A or IUA
assumptions, upper and lower 95% confidence limits on
interindividual variability in calculated dose were estimated to
lie within a –threefold factor of its in population-a~erage
value; upper and lower 95 Yr confidence limits on uncertainty
in calculated dose were estimated to lie within a -twofold
factor of its expected value. For reference, the expected values
of population-average dose at age 70 y were estimated to be 16
and 52 mSv under IA and lUA dietary assumptions, respec-
tively. Assuming that 200 Bikini resettlers would be exposed to
local foods (under both IA and IUA assumptions), the maxi-
mum l-y dose received by any Bikini resident is most likely to
be approximately 2 and 8 mSv under the IA and IUA
assumptions, respectively. Under the most likely dietary sce-
nario, involving access to imported foods, this analysis indi-
cates that it is most likely that no additional cancer fatalities
(above those normally expected) would arise from the in-
creased radiation exposures considered.
Health Phys. 73(1):115-126; 1997

Key words: cesium; Marshall Islands; fallout; dose assessment

INTRODUCTION

THIS P\PF.R supplements updated dose assessments for
Bikini Island at Bikini Atoll conducted by Robison et al.
( 1994a, 1995, 1997), which address doses estimated
under two resettlement options: ( 1) current conditions
assuming no environmental remediation, and (2) reset-
tlement after soil removal in the housing and village area,
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and potassium treatment of the rest of the island. The
present detailed analysis of’ uncertainty and interindi-
vidual variability in estimated doses to potential Bikini
resettlers focuses only on resettlement option (2), under
the two dietary scenarios considered by Robison et al.
( 1995, 1997), referred to as IA (imported foods will be
available and will comprise 6070 of the diet) and lUA
(local foods only-considered unlikely; see Robison et
al. 1995, 1997). Estimated dose is typically a function of
distributed quantities reflecting either uncertainty (lack
of knowledge concerning “the true” value of a variate) or
interindividual variability (or simply “variability,” refer-
ring to heterogeneity in true variate values pertaining to
different people at risk). Consequently, predicted dose
typically involves joint uncertainty and interindividual
variability (JUV). This paper illustrates an application of
analytic and Monte Carlo methods for JUV analysis
pertaining to estimated fallout-related doses to hypothet-
ical Bikini resettlers. Specifically, 70-y and maximum
I -y doses to hypothetical Bikini resettlers are calculated,
as described below, using analytic and Monte Carlo
procedures to characterize JUV in estimated dose as a
function of distributed input variates involved.

METHODS

Dose models
If dose variability is simply treated as dose uncer-

tainty, the latter is constrained to refer only to an
individual selected at random from the exposed popula-
tion and not to any specific (e.g., relatively highly
exposed) individual(s) who may be of particular concern.
To characterize JUV in estimated dose, appropriate
methods must therefore be used to distinguish and treat
these attributes systematically as each or both pertain to
each input variate (Bogen and Spear 1987; Nazaroff et al.
1987; IAEA 1989; Bogen 1990, 1995; NRC 1994). We
used such methods to recalculate dose to potential Bikini
residents as a function of several distributed input vari-
ates. Uncertainty and variability were characterized for
predicted total integrated doses arising from (1) external
gamma-ray exposure, (2) ’41Am and 23” i 2~OPu inhala-
tion and ingestion, (3) c)OSr ingestion, and (4) 137CS
ingestion. Expected values of the relatively minor
source-specific doses ( I–3) were all calculated using the
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same ICRP models (Leggett 1986: ICRP 1988, 1990,
1991 ) employed by Robison et al. ( 1995, 1997) to
calculate adult doses from these sources, except for one
modification accounting for greater absorption of in-
gested ‘OSr in children (discussed below). To facilitate
JUV analysis of total integral dose, the dominant source
of potential radiological exposure on Bikini. ‘37CS inges-
tion (see Robison et al. 1995, 1997), was treated some-
what differently. Specifically. the one-compartment
ICRP ( 1990) model for ingested ]37CS was replaced by
the following structurally equivalent model:

q,,(f,) = FBR,, exp( –A(, )
(1)

at any time t,, ost,<~,

q,,(~i) = BFR,, exp(– Af, exp[–(PK + A)I1]
(3)

where q,i(~f) is the activity (in Bq kg ‘ body weight of
‘37CS) in the whole body at any time u following
in estion of an activity Rjj (in Bq kg- 1 body weight) of

?13 Cs contained in a food item of type .j at time ti; B
represents a dietary-dose-model bias (i e., a dose-
estimation uncertainty factor) associated with Rij, prime
(‘) denotes differentiation with respect to time, ‘A is the
radiological decay rate of 137CS, K = Ln(2)H- 1 is the
biological loss rate of 137CS from the dominant “slow”
metabolic compartment of a reference adult (see lCRP
1990), F is the fraction of ingested dose entering this
slow metabolic compartment, and ~ is a factor represent-
ing uncertainty associated with H. Henceforth, angle
brackets, { ), are used to denote mathematical expectation
only with respect to uncertainty, and an overbar is used to
denote expectation only with respect to interindividual
variability (Bogen 1995).

Daily intakes Ri, in B)flkg” 1d-1 of 1~7Cs, as well as
corresponding intakes of Sr, in local food items of type
j were assumed to be obtained from independent random
samples of such items collected nj days per year from
among the possible selections of the type available on
Bikini. The corresponding cumulative dose D(r) from all
exposure sources was estimated as

D(f) = D,(f) + D,l,,,p,,(f) + Dsr(r)

J(,

where DX(t) is the external-gamma dose modeled as
interindividually variable (and not uncertain), DA,,,l>u(t) is
the unmodified ICRP-model estimate of total Am+ Pu
inhalation+ ingestion dose (modeled as neither uncertain
nor variable, in view of its relatively minor role), Ds,(r)
is the dose due to ‘)OSr ingestion (modeled as both
uncertain find interindividually variable, similar to the
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approach taken for 137Cs—see Appendix), and c is a
unit-conversion constant. Eqn (4) was evaluated using a
combination of analytic and Monte-Carlo methods de-
tailed in the Appendix.

Parameter distributions
Using the angle-bracket and overbar notation dis-

cussed above, specific assumptions regarding distribu-
tions for each variable and/or uncertain parameter ap-
pearing or implied in eqn (4) are discussed individually
below. These assumptions are summarized in Table 1.

External gamma dose. DX(f) was modeled using
the assumptions of Robison et al. ( 1995, 1997) for
average daily occupancies and exposure rates in house
and beach/lagoon areas (12 h X 0. Iz), house-surrounding
a~d village areas <9 h X 0.2z), and island-interior areas
(T X 192), with T = 3 h and z = 0.0717 pC kg-[s-’
which imply a time-weighted aver~ge exposure rate of
0.18 pC kg-1 S-’. Variability in mean daily time T (h)
spent in the island interior (the principal source of
gamma dose) was assumed to be triangularly distributed
over a range of I to 5 h. Thus, it was assumed that, DX(t)
= X~X(t), where the exposure-variability factor X7 is
triangularly distributed over the range I t ( 19/30).

Metabolic factors for ‘37CS. Variability in the
fraction, F, of ingested 137CS input to the dominant
biological compartment was assumed to be uniformly
distributed between an uncertain lower bound ranging
between 0.7 I qnd 0.89 and an upper bound of 1. Thus,
uncertainty in F was assumed to be uniformly distributed
within t 5Yc of an assumed expected value of 0.9, and
variability of (F} was assumed to be uniformly distrib-
uted between 0.8 and 1. These assumptions approxi-
mately characterize the empirical data on the value of F
obtained for 17 individuals reported by Schwartz and
Dunning ( 1982).

Interindividual variability in the biological half-
time, H, of the dominant slow compartment was modeled
as Iognormally distributed based on the data pertaining to
23 Marshallese males indicating a median of 115 d and a
geometric standard deviation (SD, ) of 1.23, as shown in
Figure 4 of Robison et al. ( I$95). Fgr the present
analysis, however, it was assumed that H = I IO d and
that SDg = 1.32 for H, based, respectively, on the lCRP
( 1979) reference mean value (used earlier) and on data
reviewed by Schwartz and Dunning (1982) indicating
slightly greater variability associated with the parameter
among 53 individuals from whom measurements were
available. A geometric mean (GM) value of H ( 105.9 d)
consistent with the values selected for and SD~ was
obtained using the method of moments. Uncertainty
pertaining to H was represented by the independent
factor ~ assumed to be uniformly distributed (between
0.9 and 1. 107), such that the true value of H pertaining to
any specific individual was taken to lie within 10Yc of the
expected value for that individual.
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Table 1. P:irtinleters used in an:dysis ot’ uncer[:]inty/variabi lity in eitinl;]tcd dose to hypothetical bikini resident~.

Vlriltc
P:lranlcters” S)nlbol type” Vuluc (lr distrihuli{)n nlodel” l,lni[

Et’tecti Vc unit-ct)n~er~ion t’ilct(lr ~, c 2.419 x to ]
Radit)logic:]l dec~iy r,t[e of ‘ “C.,

mS\ Lg Bq ‘ } ‘

A c ().()23() Y’
External g:unnr~ exp(~sure ~~iri;ibility t’;ict(~r x, v Tri( I 1/30, 1, 49/30) unillesi

Fraction input tu sltlw c{)nlptirlnlen( Ior ‘ ‘7C\ F Uv U(2F– 1, 1) unilless

Vuri:ibility expect~lti(ln (~t’F
p

u U(().855. 0.945) unitlci~

Biologic~ll” h~lf-lilt t)l slow c[~n]pitrtn)cnl H v LN(fi – (/12/2). /1)

P(Jpul:l[iotl-:i\cr:lge Value (JI H
Y

H c I I ()/365

tincert~linty ~lssociuted with H P

Y
u Ll(o.9. 1. 107) unittcfs

SD of I.n(H)-~;]riahi li(y /1 c ().275 unitless

Arrnu~l diettiry int~ikc of ‘ ‘7CS R Uv LN(-j –flr2/2 ), r) Bq kg ‘y’
Pt)pul;\ti(>tl-;i\eragc value of R i u N((R).(R),?,,) Bqkg’y ’

Expected 1~)~)q\ illucs ()! R/3(15 Li (R)/3(,5 Lt c 50. 1/70 (]A diet). 196,7/70 (IUA diet) Bq kg ‘ y ‘

SD (~t Ln(R) ~uri:lhility ~ c ().82!7 unitless

CV uf (R) ~ari:ibilit} ‘?N c (),982 I unitlcss

CV in R clue Iu ;ulnull d]el stitnplc urrccrtainty c ().()39 unitless

cLlnlul:lti\e do\c due to “(]Sr ingestion hy tin~e I :.,(r) Uv (Seetext) Ins v
F:icI{)r (c)r y:iri:,hility in LIdUII ““Sr ~[ ahsorptit)n (; v U(().5(), 1.5) unillcis

Unccrtuint y (n~oclcl hi~s) :l\\c)ci;tted with h’ B u LN( –().()43()9, ().21)36) unillcss

Uncert~inty risk per unit dose z LT LN( –4,X28, ().5()64) I1lSY ‘

“ IA = inlports ;lVlil:Lh]c. IUA = in]purts un~l~tiilablc, SD = st~ndurd ~le~itition, CV = SD/mctUl.
“ C = c~)t].t~lnt, U = uncerlttinty, V = in[crindlk i[lu,il]y ~:iri~hlc (i.e.. hc[erngcncou~). UV = both uncertain and hcterogenc(lui.
L LI (c{,/I) = unif(~rnlly distribt[tc(] hct!~ccn (j Llncl/), LN (~1,/~) = lOgIIOI-II~Ully” distrihulcd with :1 ge(]rnctric nlc~ln U( cxp(~i) tind a
(Ieorl]c[rlc SD (SD,, ) {,1’ckp(/1). N({(,/1) = n{)rnl:,l[} distrib~]tcd with nleun (I LInd.SD /), Tri(c~./],[) = Iri:ingulurl} di\tributcd wi[h h{~urrds.

Metabolic factors for 9’)Sr. Cumulative dose,
Dsr,,(t), by age r due to ‘)OSr ingestion by adults, was
obtained using the lCRP ( 1990) adults-only model for
‘)OSremployed by Robison et al. ( 1995, 1997). In contrast
to the situation for otential Rongelap Island resettlers,
for whom ingested

F’
‘ ‘)Sr would be a relatively negligible

source of radiation exposure (Robison et al. 1994b), ‘)(’Sr
would contribute a nonnegligible fraction of total dose
for potential Bikini resettlers, albeit a relatively small one
compared to that due to 1‘7CS (Robison et al. 1995). Data
are available from which models of uncertainty and
interindividual variability in ‘)OSr uptake and distribution
and consequent dosimetry could be constructed (e.g.,
Rivera 1967: Bennett 1973, 1977, 1978; Papworth and
Vennet 1973, 1984; Klusek 1979: Leggett et al. 1982;
Christy et al. 1984; Christy and Eckerman 1987a,b).
Because C“)Srwould contribute a relatively minor dose to
Bikini resettlers, cumulative lifetime ‘)(’Srdose, Dsl.( r), by
age t was instead modeled first as Dsl(t) =
GX W(f) XDsr,,(f), where the factors G and W(t) are
explained as follows.

The factor G was used to model variability in ‘)OSr
uptake about its population-average value and was as-
sumed to be uniformly distributed between ().5 and
1.5 based on measured ranges reported in ICRP ( 1990).
The (deterministic) factor W(t) was used to adjust for
the fact that Dsrii(t)underestitnates Ds,.(t), due to in-
creased ‘)’)Sr uptake in infancy/childhood and other
Factors (ICRP 1990). This factor was calculated as

W(f) = f~l i/s,.(~f)dt{/[rds,( 70)], where [I:r(t) refers to a
linear interpolation of the age-specific effective “OSr dose
equivalent vtilues listed ICRP ( 1990, Table 3-2). For
example, W( I) = 3.41 and W(70) = 1.17. Additional

metabolic uncertainty and variability in Dsr(t) was as-
sumed to be proportional to and (as a conservative
assumption) completely correlated with that associated
with dietary ‘37CS intake (see Appendix). All maximum
1-y effective doses were calculated (conservatively) as-
sutning a resettling cohort arriving at age () (thus incur-
ring a maxitnal ‘)OSr dose).

Dietary intake of ‘37CS and 90Sr. The population-
aver~ge value of expected annual intake, (R), of total
137CS activity in the LLNL model diet for hypothetical
Bikini residents as of 1999 (assuming imports are avail-
able) was taken to be (365 d) X (0.716 Bq kg -1 d -1 ) for
a reference adult, based on the analysis of food consump-
tion survey data for 34 adult Ujelang females discussed
in Robison et al. ( 1994b). Interindividual variability in
corresponding expected daily intakes, (R,,) was modeled
using the empirical distribution of average daily uptakes
in Bq kg 1 calculated from the food-survey data for
these same 34 adult Ujelang females, which was multi-
plicatively scaled to have expected daily population
average values equal to 100Y0 of the total mean daily
137CS intakes corresponding to each of the two dietary
scenarios considered. For potential Bikini resettlers,
these expected values of food-specific 137CS activities
and intakes are summarized in Table 2 for the 11 major
local-food items likely to be consumed. The scaled
empirical distribution of 1~7Cs intake does not signifi-
cantly differ from a Iognormal distribution with a sh~pe
parameter of SD~ = 0.8217 (Fig. l); p > 0.15 using
Stephen’s modified Kolmolgorov-Smirnov, Cramer-von-
Mises, or Watson tests (Stephens 1970; Pearson and
Hartley 1972). We used this lognormal distribution as the
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Table 2. Diet model-bikini island for adults for ‘ 37CS ingestion.”h

‘ ‘7CS intake

‘ 37CS activity Local only Imports available
Int~ke: hr~ake:

Local foods Local + Mean SD/ Mean Var SD/ Mean Var SD/
only inlprsrted (Bqg ‘) Mean (Bqd ‘) (Bqcf ‘)’ Mean (Bqd ‘) (Bqd ‘)’ Mean

LOCJI foods (gd’}L (g(f ‘)1 c 7< A=LC (? Y B=IC (; ?

Coconut
Milk’
Meat
Copra
Juice

Total’
Total’

Pork
Hetirt
Mu~cle
Liver

Tota]c
Total’

Chicken
Muscle
Liver
Gi~~ard

Total”
Totalk

Breadfruit
PUJ1CIU17U.S

Sprou[ing coconut<’
Papaya
Arrowroot
Pumpkin
Mflrsh. Caked
Coconut cr~bs

]22
181
71.4

334

708

0.620
13.9
6.70

2],z4

31.2
17.7
~.~~

52,2

I 86
65.()

122

27,0
94,8

5.44
O,(K)

25,()

51,9
31.7
12.2
99. I

I 95

().3 I ()
5,67
2.60

8.58

8.36
4,50
I .66

14.52

27.2
9.16
7.79
6.59
3,93
1.24

11.7
3,13

0.268
().147
().268
().()577

(),138
0.141

().98()
1,57
().812

1.31
I .32

().()2 13
(),0213’
0.02 I 3’

().()2 I 3
0.02 I 3

().()19()
0. I 94
0,268

(). I 1()
0.0543
0.05s7
().268
().366

(),644
().739
().644
().777

1.10
().635
().912

(),635<
(),9 12’
0.9 12~

().584
0.848
().644
I .34
().413
1.18
0.644
().6()4

32,6 442

26.6 386
19,1 152
19.3 224

97.6 ().355

().608 0.447
21.9 I 93

5.44 24.6

27,9 ().529

0.665 0.178
0.377 (),118
().()707 ().()04 16

1.11 ().493

3.54

I ‘2.6
32.8

2.97
5,15

0.319
().W)
9,15

4.27
114
446

15.8
4,52
0.142
().()()

30.5

().584
0.848
().644
1.34
().4 13
1.18
().00
(),6()4

I 3,9 80.’2
4.66 11.9
3,27 4,43
5.72 19.7

17.6 (),391

0.304 ().112
8.90 32,()
2.1) 3.71

11.3 ().528

0,178 0.() 128
(),()959 0,00764
(),0354 (),()()104

0,309 ().474

0.517 ().091 I ().584
1,78 2.27 0.848
2,09 1.81 ().644
().725 ().944 1.34
(),213 0.00777 ().41 3
0,0728 0,00738 1,18
3.14 4.08 ().644
1.15 0.479 ().604

Subtotal 1,307 ().148 193 ().0274”
Subtoral 289 (). 169 48.9 (),0392h
7{ of Tot~l 42 22 98.2 97.5

“ Three signific~nt figures are shrrwn for the purpose of calculating correspmrding mean. standard deviation (SD), variance ((~) and
coefficient-Of-varitition (y) values,

177c$ ~ctivitie$ for Speclflc fO<~ds(Jecly corrected to 1999, are from Robisonb Local-furrds-only, local + imported foods intakes and
et al. (1995).
‘ Mean and SD v~lues fc~rtotals Iistcd under coconut, pork and chicken were calculated using subitem-specific intake weights. For
example, for a given food item (e.g., coconut, consisting of m = 4 constituents) with the Ioctil foods only diet,

A, = L, C,, [r, = A,y, ,,

‘=(~(’’)’’2(:A)’

~ Assumed to equal copm meat.
‘ Assumed to equal pork muscle.
1A\sumed trI equal chicken muscle.
~ Assumed to equal pork liver.

h Tbe y \alue given for the subtotal of all 14 items listed, e.g., frmn a local-foods-diet, is tbe annual value calculated as

‘=(:A)’($A;g’tl)’”
where }!, is the number of samples of fo(sd type j enten per year, Jssumed to be 12, 52. ~nd 182.5 frrr prrrk-related, chicken-related and
r)ther items, respectively (see Appendix).
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Fig. 1. Sample distribution of interindividual variability in daily
intake of 137Cs per unit body weight based on survey data for 34
adult Ujelang females (bold), shown here tit to a lognormal
distribution (light) with SDg = 2.274 and a mean value scaled to
equal ().7 157 Bq kg 1 d 1, the expected value for 1999 Bikini
resettlers assuming imported foods arc availtib]e. The Ujelang
survey data are discussed further in Robison et al. ( 1994b).

basis of our model of variability in (R)= (Rii) for the
hypothetical Bikini resettlement population By the
method of moments (Aitchison and Brown 1957), this
distribution has a corresponding coefficient of variation
(CV) [i.e., standard deviation (SD) divided by expected
value] with respect to modeled variability equal to g~ =
0.9821.

The distributional form and g~ value assumed for
‘37CS intake discussed above was assumed also to pertain
to interindividual variability in lifetime-average daily
ingestion of 90Sr. Food-specific ‘)’)Sr activities and in-
takes for potential Bikini resettlers, under the two dietary
scenarios considered, are summarized in Table 3. A
comparison of Tables 2 and 3 reveals that ‘37CS and ‘JOSr
intakes for the 1I major local-food items considered are
uncorrelated under both dietary scenarios (Irl ( 0.16, I) =
1). Persons who might consume relatively large amounts
of relatively ‘37Cs-rich items therefore would not be
expected to consume large ‘)OSr doses relative to others.
It follows that the simplifying assumption made in the
present analysis, that interindividual variabilities in life-
time aver~ge rates of ]37CS and c)OSr ingestion are
completely correlated, is conservative.

Uncertainty will arise from random dietary sampling
associated with daily ‘37CS intake for any given individ-
ual about that individual’s mean daily level. This uncer-
tainty was estimated under diet-model assumptions
stated above, such that local foods of type j are randomly
and independently sampled nj times per year from among
Bikini sources. Table 2 lists predicted amounts and
measured inter-sample variability of 137CS in I I major
food items local to Bikini. Activities associated with these
11 items were scaled to correspond to an assumption
that they comprise 10070 of local foods in either dietary

scenario. Each corresponding CV, y~t, = ~R{/(Rij), with

respect to presumed dietary sampling error (Table 2) was
assumed to pertain to all individuals. For this purpose,
the local food items appearing in Table 2 were divided
into three types (and the corresponding indicated annual
sample sizes were assumed): pork-related items (1z, =
12), chicken-related items (nl = 52), and other items
(~t~ = 182.5). It follows that uncertainty due to random
daily dietary sampling associated with annual ‘~7Cs
intake is expected to be approximately normally distrib-
uted about its expected value, with an SD value inversely
proportional to the square root of the total exposure time
considered (see Appendix).

The Gaussian uncertainty model for random dietary
sampling associated with daily ‘37CS intake also pertains
to ingested ‘)OSr. Because the CV values for approximate
total dietary ‘-J7CS (Table 2) and 9(’Sr (Table 3) are
similar, the distribution for uncew~inty in ‘)(’Sr invake
due to dietary sampling was taken to be that of ‘37CS,
after scaling for the relative difference between the
~~pu!ation-average values assumed for dietary “7CS and

Sr Intakes (see AppendIx). Measured concentrations of
“7CS and ‘)OSr in samples of drinking-coconut meat (a
major local-food item) obtained from 70 different coco-
nuts on Bikini Island were found to be uncorrelated (r =
0.15, p = 0.15) (Bogen et al. 1995). Thus, uncertainty in
‘)OSr ingestion due to dietary sampling of different
activities present on Bikini was assumed to be statisti-
cally independent of that pertaining to ‘~7Cs.

Model uncertainty (misspecification error) was esti-
mated directly from data shown in Figure 3 of Robison et
al. ( 1994b) relating LLNL model-diet predictions assum-
ing imported foods are available, and corresponding
Brookhaven National Laboratory measurements of
whole-body ‘37CS dose among different samples of
Marshallese people tested during the period 1977–1 983.
The mean of the six measured- to predicted-burden
ratios shown is 1.25 * 0.37 (differing insignificantly
from 1, ;) > 0.16 by t-test). Based on these data, an
uncertainty-CV of 30Yc was assumed, and model uncer-
~~inty for the LLNL model diet assuming imported foods
are available was characterized as a corresponding log-
normally distributed factor B with expectation 1 and
SD,g = 1.34. This factor was assumed also to apply to
estimated 9(’Sr dose.

Population risk
Predicted population risk / (the number of Fallout-

induced cancer fatalities) necessarily depends on the size,
N, and age distribution of the population involved. To
estimate I under both dietary models considered, it was
assumed that resettlement occurs in 1999 and (a) that n =
200 or (b) that n = 2,000 but (due to the carrying
capacity of a resettled Bikini) that only 200 resettlers
would be eating non-imported foods (under either dietary
scenario). The uncertainty distribution of 1 was used to
calculate Prob(/=0), the probability of zero cases. This
distribution was approximated by the method of Bogen
and Spear ( 1987), treating I as compound-Poisson-
distributed with an uncertain (population-average-dose)
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Table 3. Diet model-bikini island for adults for “’)Sr ingestion.’”h

“{’Sr int~~ke

““Sr octivily Locctl only ln]p{)rti akuil~~hle
Intokc: lnt~lke:

L[~ciil foods L[)cul + Me,in SD/ Me;m Var SD/ Me~n vu SD/
(rely imported (Bqg ‘) Me~n (Bq d ‘) (Bq d ‘)’ Me;m (Bq d ‘ ) (Bq d ‘)’ Metin

Local Iot]ds (gd’)L (gd ‘)1 c A=LC
.

7, [r Y H=lc (: Y

Coccmul
Milk”
Meat
C(lpr;l
Juice

Total’
T(]tal’

Pork
Hearl
Muscle
Liver

Totol”
Tuttil’

Chicken
Musclec
Liver”
G il.ltird”

Total”
Trrt*l’

Breadt’ruit
Pull(/(1)11(.Y
SpnJuting

crrcnnut”
Ptipaya
Arrowroot
Pumpkin
Mflrsh. Cake”
Coconut” crabs

Subtutal
subtotal
‘k of Tnttil

1~~

181
71.4

334

708

().62()
13.9
6.70

71 ?- .-

31.2
17.7
~ ~?. ..-

5~,2

186
65.()

1~~

27.()
94.8

5.44
().()()

25.()

51.9 ().()()32 I ().9 I 5 ().391 ().128 ().167 ().()232
31.7 ().()0586 ().6 12 1.06 ().42() (). I 86 ().() 1?9
12.2 ().(K)32 1 (),915 ().229 ().()44() (),()392 (),()()128
99. I (),()()()452 ().682 ().151 ().() I 06 (),()448 (),()()()933

().()()259 1,83 ().424
I 95 (),0()224 (),436 ().449

(),31() ().()015() ().512 ().()()()93() 2.27 x 10 7 ().()()0465 5.67 X 10 8
5.67
2.60

8.58

X.36
4.50
I .66

14.5

27.2
9.16
7,79

6.59
3.93
1,~~

11.7
3.13

(),()()152
().()()292

().5(K) ().()2 I 2
I .06 (),() 196

().()()()I I 2
().()()()43()

().()()862
().()()759

[.86X 10 ‘
6.48x 10 ‘

().()()196
().()()194

().()4 I 7 ().559
().() 167 ().548

().5(U) ().()474
().5()() ().()269
(),5()() (),()()5()5

(),()()()562
().() O()IXI

6.37X 10 “

().() 127
(),()()684
().()()252

4.04X 10 ‘
I,17X 10 ‘

1.59X 10 “

().()() 152
().()()152
().()() I 52

().(K)152
().()()152

().()7~)3 ().345
().()22 I ().332

().()69()
(), 120
().()()32 I

().898 12.8
1,10 7.80
().9 I 5 (),393

I 33
73.6

(), I 29

().898
1.10
(),9 I 5

1.88
1.10
().()25()

2,84 ().X98
1.46 1,100”
().()(X)524 ().915

().(M86
(),()676
().()676
().()()32 1
().()5 I 8

(),5X() 1.31
().563 6.4 I
(),563 ().368
(),915 (),()()
().534 1,30

().579
13.0
().()429
(),()0
(),478

().58()
0.563
().563
().()()
(),534

().32()
(),266
().0838
().()376
(). 162

().0345 (),58()
(),()224 ().563
().()()223 (),563
().()0118 ().915
().()()75() ().534

1,307 (),()248 ~~,~ ().()34()’
289 ().() I 50 4.35 ().()358’

4? z? 97,X 92.5

“Threcsignifictmt riguresareshuwn f()rthc purp~)se ofc:ilculating c()rresp(~nding mean, stondorddeviati(m (SD), v;triance (f;)and
crreftlcient-tlf-$, iiritititm (y) values,
bLoc;il-fo(~ds-t)nly,” local + importedfut)ds int:~kes and “’)Sractikities f’nr specific t’oodsdec:iy ct)rrected to 1999, are from Robison
et al. (1995).
CMetin and SD values fort(~tals Iistcd under Coctmut, Pork and Chicken were calcul:lted using subitem-specific intake wcight~ (see
Table 2, note<).
‘! Assunled Ioequal cc~pr~mctil.
CAssuntedtoequ:tl pork muscle.
‘The yvtiluc gi~cn forthe suh(ot~ll(~f;ill 14 items listcd(scc T~ble 2, note “).

parameter here taken to be NZD(70), where Z is an
uncertain “risk” factor specifying total cancer (leukemia
+ nonleukemia) mortality risk-per-unit dose. Based on
the BEIR V (NRC 1990) prediction of total cancer
(leukemia + nonleukemia) fatalities for males and fe-
males likely to be caused by chronic low-LET radiation
exposure, and associated analysis of statistical and
model-related errors, a risk factor Zh was taken to be
approximately lognormally distributed, with expectation
0.008 mSv- ( and SDg = 0.5064, for a cohort resettling
Bikini at birth. The value of 0.008 mSv “ is the BEIR V

(NRC 1990) recommended population-weighted aver~ge
value of 0.008 mSv–l for acute low-LET radiation
exposure, divided by the approximate factor of two
recommended as an adjustment for estimating risk due to
cumulative chronic exposure, and multiplied by a second
approximate factor of two recommended as an adjust-
ment for estimating risk associated with exposures spe-
cifically during childhood (given that a disproportionate
amount of cumulative dose to Bikini resettlers would
occur during the earlier years post resettlement, due to
radiological decay of ‘37CS and “OSr).
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Because the latter factor of two would not apply to
adults accompanying resettling infants and youth, Zh was
assumed to pertain to a fraction ,f of the resettling
population, and Zl,/2 was assumed to pertain to
1()()(1–f)% of the resettling population. The SD~ value
was estimated by the method of moments, given that,
from the BEIR V analysis, the 90% upper confidence
limit on Zh is -2.3 times its median value. Based on the
likelihood that there would be a high proportion of
infants and children among potential Bikini resettlers, the
fraction ~ was assumed to be ().5. Thus, the overall risk
factor Z was taken to be equal to Zh and Zh/2 with equal
Iikelihood. The factor Z (conservative] y) does not reflect
the possibility, given current fundamental radiobiological
uncertainties, that the true fallout-related risk on Bikini
may be zero.

RESULTS

The results of the JUV analysis of estimated dose to
potential Bikini resettlers are summarized in Table 4 and
Figs. 2–4. Specifically, Figs. 2a and 2C plot the calcu-
lated distributions for (D(70)) (characterizing interindi-
vidual variability in expected 70-y effective integral
dose) and D(70) (characterizing uncertainty in
population-average 70-y effective integral dose), and
their corresponding Monte-Carlo sampling errors, under
the assumption that imported foods will be available.
Figs. 2b and 2d plot the calculated distributions for
(D(70)) and D(70), and their corresponding Monte-Carlo
sampling errors, under the assumption that imported
foods will not be available (i.e., for a local-foods-only
diet). Note that the 99.5th percentile values of D(70)
listed in Table 4 are the maximum-likelihood values of
dose to corresponding persons receiving the maximum
70-y doses among all persons exposed under the IA and

IUA diet assumptions. assuming an exposed population
size of 200 (NRC 1994; Bogen 1995).

Figs. 3a and 3C plot the calculated distribution for
Max((D( 1))) (characterizing interindividual variability in
the maximum value of expected 1-y effective integral
doses, regardless of occurrence year, and its correspond-
ing Monte-Carlo sampling error), assuming that imported
foods will be available. Figs. 3b and 3d plot the corre-
sponding distribution and sampling error assuming that
imported foods will not be available. The estimated
maximum I -y doses are predicted to fall in years 1999,
2000, 2001, and 2002 for -O. 17P, 38.5%, 59.5Yc and
1.9% of residents (imports available), or for –O%, 4.570,
88.1 % and 7.4% of residents (imports not available). The
year of each individual’s predicted maximum 1-y dose is
primarily a function of the corresponding value of H (the
half-life for the dominant ‘37CS metabolic compartment).
Note that the 99.5th percentile values of Max((D( I )))
listed in Table 4 represent the maximum-likelihood
values of dose to the corresponding persons receiving the
maximum 1-y doses among all persons exposed under
the 1A and IUA diet assumptions, assuming an exposed
population size of 200 (NRC 1994; Bogen 1995).

Figs. 4a–d plot the population-average values of
{D(I)) (expected effective integral dose as a function of
time [) and their 957c confidence limits (95% CL) with
respect to interindividual variability for the imports-
available and local-foods-only diets, both in absolute
terms as well as values relative to the population-averdge
at time t. Figs. 4e–h plot the expected v~lues of D(f)
(population-average effective integral dose over time t)
and their 95YPCL with respect to uncertainty for the
imports-available and local-foods-only diets, both in
absolute terms and as values relative to the expected
value at time r,

Table 4. Summary ut’ uncertainty :md interirrdividua] variability in estimated integrul et’lective doses for hyp{>thetic:d

Bikini island rcsidcrr[s, assuming 1999 resettlement :[fter suil removal/K treatment ;md av:~il:]hility and n{m:[v:]il:ihility
[~1ireported foods.”

Dn\e ;md cxp(~sure sccntiri{)”

Die[:lr>, model > tA [UA IA IUA
Exp(lsurc duratim] —- M:ix l-y MkIX l-y 70 ) 70 y
Dis[r’ibu{ed ch:irlc[cristic Estim~it(~rt’ (msv) (mSv) (msv) (ins\ )
lntcrindiviciu;Ll viiriahilily Q((). ()25) (), 17 ().3 I 6.5 1,2

Q(().5()) ().36 I ,() 13 3.8

EV ().45 I .4 1(> 5.2
Q(().975) 1.3 4.9 45 lx
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average 70-y effective integml dose). (c–d): Corresponding Monte-Carlo sampling errors, defined as the standard error
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to imports-available and local-foods-only diet assumptions, respectively,
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Fig. 3. (a-b): Cumulative relative-frequency distributions for Max((D( I ))) characterizing interindividual variability in
the maximum value of expected 1-y effective integral doses, regardless of occurrence year. (c-d): Corresponding
Monte-Carlo sampling errors (see Fig. 4). Plot pairs (a, c) and (b, d) correspond to imports-available and
local-foods-only diet assumptions, respectively,

Based on the hypothetical Bikini-remediation/ ent dietary (IA, IUA) and population-size (N = 200,
resettlement scenario described above starting in 1999, N = 2,000) assumptions considered. Each scenario
population risk was estimated as described above from implies a population-risk expectation, (f), and a cor-
the characterizations of uncertainty in population- responding probability of zero cases, ]~() = Prob(/=0).
average lifetime dose D(70) obtained under the differ- Under the {1A, N = 200] scenario, (f) = 0,20 cases
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Fig. 4. (a-b): Values of (D(t)) (expected effective integral dose over time r); in each plot: middle curve =
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g, h): Plots a, b, e and f shown as values relative middle curve of each, respectively. Plots a, c, e and g correspond to
an imports-available diet, and the other plots to a local-foods-only diet.

andpo = 8370; i.e., under this scenario it is rather more
likely than not that zero cancer deaths will arise as a
result of fallout-related exposures on Bikini. Under the
{IA, N = 2,000) scenario, (1) = 0.86 cases and p,, =
43%. Under the {IUA, N = 200} scenario, (1) = 0.63
cases and p. = 58Yo; i.e., even under this scenario it is
more likely than not that zero cancer deaths will arise
as a result of fallout-related exposures on Bikini.
Under the {lUA, N = 2,000] scenario, (/) = 1.3 cases
and p. = 3070.

DISCUSSION AND CONCLUSION

A detailed analysis of uncertainty and interindi-
vidual variability in estimated doses was conducted for a
rehabilitation scenario for Bikini Island at Bikini Atoll, in
which the top 40 cm of soil would be removed in the
housing and village area, and the rest of the island is
treated with potassium fertilizer, prior to an assumed
resettlement date of 1999. Predicted doses were consid-
ered for fallout-related exposure by inhalation and inges-



tion ptithways, and two dietary scenarios were consid-
ered. Corresponding calculations of uncertainty and
variability in estimated dose showed that after —5 y of
residence on Bikini under either 1A or IUA assumptions,
the upper and lower 95% confidence limits on uncer-
tainty in calculated dose are estimated to lie within a
-twofold Pactor of its expected value; the upper and
lower 95% confidence limits on interindividual variabil-
ity in calculated dose are estimated to lie within a
-threefold factor of its population-average value. For
reference, the expected values of population-average
dose at age 70 y are estimated to be 16 and 52 mSv under
the 1A and lUA dietary assumptions, respectively (Ro-
bison et al. 1995, 1997). Assuming that 200 Bikini
resettlers would be exposed to local foods, the maximum
l-y dose received by any Bikini resident is most likely to
be approximately 2 and 8 mSv under the IA and IUA
assumptions, respectively. Under the most likely dietary
scenario, involving access to imported foods, this
analysis indicates that it is most likely that no addi-
tional cancer fatalities (above those normally ex-
pected) would arise from the increased radiation ex-
posures considered.
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APPENDIX

Analytic and Monte-Carlo methods used to
characterize uncertainty and interindividual
variability in estimated doses to hypothetical
Bikini residents

Define annual intake R, of ‘S7CS in Bq kg-’ y-’

from local foods of type j as R,= ~~~)365/rI,l Ril and

corresponding total annual ‘37CS intake as R = Zj Rj.
From eqns ( 1)–(3) and the notation, assumptions and
definitions given in the text, integrated whole-body dose,
Q;i([ –f,) after [ years due to ingestion of ‘37CS in a food
item of type j at time Ii s t is given by

[

[
Q,([ – fj)= cqi, (14) dlf

J ,,

~-A,,( ] _e-(@A’+Al,I-l,))
(Al)

= cFBR, \
{ ~K+A }

For large )zj and fort, distributed randomly through-
out each year, it follows that total integrated whole-body
dose Q(t) in Bq kg-’ after time t (y) is approximately

(A3)

where X is defined here as the braced quantity in eqn
(A3), for uniformly distributed t, between O and r. Thus,
e.g., {Q(t)) = (X) = (R)(S), where (S), the expectation of
S with respect to both ti and ~, is given by

(A6 + e-”A’[Ei(bl) – Ei(b,))]

– Ei(cl) + Ei(c{)) + Ln(cl/~()))
(s)=1+

A~KAt

bi= _~lKt, i=o, l, (A4)

~i = b{ – At$ i=o, l, and

A@ = (~, – ~,)) = (1.107 – 0.9) = 0.207,

in which Ei(:) is the exponential integral J:, .r– ‘e– ‘d.r.
The (unsubscripted) constant c was estimated to be

2.419 X 10 3 mSv kg Bq ‘ y ‘ from values of
cumulative whole-body-equivalent ‘37CS dose for adults
predicted from the equivalent ICRP ( 1990) model.

From eqns (A3)–(A4) and corresponding assump-
tions (see text), interindividual variability in expected
dose (D(r)) by time r was characterized by evaluating

(D(t)) = D~,,,pL,(f) + x,D,(t) (A5)

[ (I:I:)W(’)DS+(B) (F)(X) + G

Variability in (D(f)) thus arises from uniform vari-
ability in F and G (taken to be 100~0 rank-correlated) and
from Iognormal variability in both (R) and H (see text).
Uncertainty in population-aver~ge dose D(f) was charac-
terized by evaluating

D(f) = DA,,,pu(t) + XYD,(Z)
(A6)

‘BF[x+G(:,)woDs,(t,],

in which the prime symbol denotes an independent
random sample from the subscripted variate (for reasons
discussed in the text). Uncertainty in eqn (A6) arises
from_ the uniform and Iognormal uncertainties assumed
for F and B, respectively (see text),_ in addition to
uncertainty associated with the variate X arising from X
defined in eqn (A3). Let the subscript /~ on a variate
denote a value pertaining to a particular individual in the
exposed population, such that X,, = XI{R = R,,, H = H,, }
and (X,,l~) is the sum of a presumed large number of
identical independently distributed random variates.
From the Lindeberg and Central Limit theorems, it
follows that (X,,l~) is approximately normally distributed
with mean and variance given by

(X,,16) = ct(R,,)(S,,lB) and

m~,,lfi= (ct(R,,)z[( I + y~)(S;l~) – (s,,lF}~],

respectively, in which

~=(R)-’(i(RJ)’~~’’=00390039 ‘A7’
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is the CV for uncertainty in any individual’s modeled
lifetime, time-weighted average ‘37CS intake, based on
the assumptions stated in the text and the food-type-
specific CV values listed in Table 2. Assuming the
exposed population size is sufficiently large to ensure
that differences between first and second sample mo-
ments with respect to variability and their corresponding
population moments are negligible, it follows from the
definition of variability expectation that uncertainty in
~ is approximately normally distributed with mean and
variance given by

(A9)

respectively, where

(SIB) = [(BK + A)t]-’[(l - e-A’) A-’

_ (e-(pK+A)/ - e-’f)(pK)--l], and

(S’lp) = (pK + A)-’t-’{(2A)-’

+ e-A’[(l – 2e-P~’)(2~K?) -1

+ 2(e-(~~-A)’ – 1)(PK – A)-’ – (2A)-’]}.

The averages ~ and (S21~) with respect to H were
each evaluated numerically for different ~ values equally
spaced over the range of ~. Following this procedure, it
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turns out that ~Pr -”2 is for each iven t, O < t = 70 y,

+a virtually linear function of (X ~) f-’ over a ~- and
t-de endent range of the latter, and that corresponding

ti(X ~ t-’ values are virtually uniformly distributed over
these linear ranges (Bogen et al. 1995 . The linear

+coefficients {a,b }It and corresponding (X @)(–’ -range
boundaries {x],,, Xl,i}It were therefore determined for
representative values of t,and this information was then
used to evaluate uncertainty in X, for X modeled as a
compound normal distribution with mean = Ut and
SD = t“z(~~ + bU), where U is uniformly distributed
between xl,, and Xhi.

Except where the use of 100% rank-correlated
variates was indicated, all variate simulations were con-
ducted using 10 sets of virtually uncorrelated vectors of
2,000 values for each variate involved, generated using
systematic Latin-Hypercube sampling procedures. Each
ith output fractile (and the first moment) was estimated as
the mean of 10 ith ordered values (and first moments) of
the 10 corresponding sets of 2,000 evaluations of eqn
(A5) or (A6), for i = 1, 2,. . . , 2000. Corresponding
Monte-Carlo sampling errors, defined for each estimate
as the coefficient of variation of the mean (CVM, equal
to the standard error of the mean divided by the mean).
Calculations were done on a PowerPC@~t workstation
using the programs A4at/~ema~icu@ 2.2,2 (Wolfram
199 i ) and RiskQ (Bogen 1992). Analyses of quantile
convergence indicate that fractile estimates obtained are
generally accurate to within (2% (see Figs. 2 and 3), and
that mean values obtained are accurate to within <0.2Yr.

“tPower PC, Apple Cumputers, Inc., Capistinu, CA
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ASSESSMENT OF PLUTONIUM EXPOSURE IN THE ENEWETAK
POPULATION BY URINALYSIS

L. C. Sun, C. B. Meinhold, A. R. Moorthy, E. Kaplan, and J. W. Baum*

Abstract—Since 1980, the inhabitants of Enewetak Atoll have
been monitored periodically by scientists from Brookhaven
National Laboratory for internally deposited radioactive ma-
terial. In 1989, the establishment of fission track analysis and
of a protocol for shipboard collection of 24-h urine samples
significantly improved our ability to assess the internal uptake
of plutonium. The purpose of this report is to show the
distribution of plutonium concentrations in urine collected in
1989 and 1991, and to assess the associated committed effective
doses for the Enewetak population based on a long-term
chronic uptake of low-level plutonium. To estimate dose, we
derived the plutonium dose-per-unit-uptake coefficients based
on the dosimetric system of the International Commission on
Radiological Protection. Assuming a continuous uptake, an
integrated Jones’s plutonium urine excretion function was
developed to interpret the Enewetak urine data. The Appendix
shows how these values were derived. The committed effective
doses were 0.2 mSv, calculated from the 1991 average pluto-
nium content in 69 urine samples.
Health Phys. 73(l): 127-132; 1997

Key words: Marshall Islands; plutonium; excretion, urinary;
dose assessment

INTRODUCTION

ENEWETAK ATOLL, in the Republic of the Marshall Islands
(RMI), lies within the former Pacific Proving Grounds
and was chosen as the site for nuclear testing from 1948
to 195 I because of its remoteness location and its
geological features. In December 1947, the United States
relocated all 136 residents of Enewetak to Ujeland Atoll
before starting a program of nuclear-weapons tests.
Forty-three tests were conducted between 1948 and 1951
resulting in radiological contamination of the atoll. Plu-
tonium activities measured in the top 2 cm of the soil
ranged from 0.4 to 17 mBq g-’ with a median of 4.4 on
Enewetak Island (Wilson et al. 1975). From 1972 to
1978, major efforts were made to remove the top 30 cm
of soil from the Island; then, the soil was buried on Runit
Island, located at the northern Enewetak Atoll. The
cleanup guidelines were ( 1) the soil should be removed if

.-
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the plutonium concentration exceeded 15 Bq g‘- ‘ (400
pCi g-’); (2) soil could be left in place if the concentra-
tion was less than 1.5 Bq g-’ (40 pCi g“- ‘); and (3) for
concentrations ranging between 1.5–1 5 Bq g-- ‘, a deci-
sion should be made on a case-by-case basis (DNA
198 1). Repatriation of the Enewetak population was
begun immediately after the cleanup programs. Now, the
largest inventory of plutonium on Enewetak Atoll re-
mains in the sediments of the lagoon (Wilson et al. 1975;
Nevissi and Schell 1975; Robison et al. 1978, 1980,
1987).

Since 1957, members of the Marshall Islands pro-
gram at Brookhaven National Laboratory (BNL) have
routinely visited RMI to assess the acceptability of the
Enewetak population living on the island by determining
their internally deposited radionuclides using whole-
body counting and urinalysis methods (Greenhouse et al.
1980; Miltenberger et al. 1981; Lessard et al. 1984;
Conard 1992; Sun et al. 1992, 1995). The purposes of
this report are to describe the new protocol established
for collecting urine samples in 1989 and 1991, to show
the distribution of plutonium concentrations using fission
track analysis (FTA) urinalysis, and to assess the asso-
ciated committed effective doses for people of Enewetak,
based on a continuous, long-term chronic uptake of
plutonium. The FTA method was developed at BNL for
analyzing low levels of plutonium in urine (Moorthy et
al. 1988). All plutonium data discussed in this paper were
analyzed by the FTA method at BNL.

MATERIALS AND METHODS

Methods for interpreting urine data and estimating
plutonium dose

The International Commission on Radiological Pro-
tection (ICRP) Publication 56 (1990) provides the age-
dependent dose-coefficient factors (DCF) for computing
internal dose (Leggett 1984, 1985). Due to the long
half-life of 239PLI and its lengthy retention in the body,
the age-dependent ingestion dose-coefficients after I y to
adulthood show only small variation. They can be
rounded to about 1.0 X 10-6 Sv Bq-’, with a gastroin-
testinal tract absorption ,~1 value of 10-3. The calculated
uptake dose coefficient IS 1 mSv Bq ‘-’(l O-fi SvBq-’+

f,).
Table 1 shows the calculated committed effective

dose-coefficients due to uptake based on recommenda-
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Table 1. Cmnparis{]n t>f [he ICRP recommended plut(mium dose
cc)eft’icicnts (mS\ Bq ‘ ) for upttike.

ICRP ICRP C{)ns(:lnt rolicl

Publicatit~n Public:lti(ln ICRP 67 +

Agc-spccit’ic grnups 50 ( I 990) 67 (1993) [CRP 5(1

3 In<) I .4 ().X4 ().6()

ly I .4 ().84 ().6()
Sy 1,1 ().6() ().6()

1(1} I .() ().54 ().54

15) ().1)8 ().5() 0.5 I

Adul( ( 18 y Jnd [~lder) (),97 ().5(1 ().5?

tions in ICRP Publications 56 ( 1990) and 67 ( 1993), for
calculating dose. The results were obtained by using the
individual ingestion pathway dose coefficients divided
by the recommended ~1 values. ICRP revised its reconl-
mendations for calculating plutonium dose from those
given in Publication 56 to new values in Publication 67
because of(1) the~l value (age 1 y to 70 y) was reduced
by a factor of two (from 1X 10-3 to 5X l()”-J), and (2) the
tissue weighing factor ot’~) of the bone surface was
reduced by a factor of three (from 0.03 to 0.() 1) in ICRP
Publication 60 ( 199 I ). The last column of Table I shows
the ratio of the values from Publication 67 over those of
Publication 56; it indicates that the plutonium hazard in
the body may be overestimated, and the revised age-
specific dose-coefficients from the latest ICRP recom-
mendations are just above one half of the committed
effective dose values given in Publication 56.

To interpret 24-h urine data, both Durbin’s ( 1972)
and Jones’s ( 1985) plutonium urinary excretion function
are the ones most accepted ( ICRP 1988; Lessard et al.
1987). Durbin’s predicted elimination rate is much faster
than that of Jones. By using a model with a fast
elimination rate like that of Durbin, an enormous over-
estimation of plutonium body content can result from
long-term post-exposure urine measurements. Therefore,
the Jones function is chosen for this study; its predicted
values (fraction per unit single acute uptake) for a 100-d
and 10,000-d post-uptake are -10 “ and - 10-‘, respec-
tively. Therefore, detection of I ~Bq of 2q”Pu can be
interpreted as a committed effective dose as low as 10K
Sv via a 24-h urine sample collected 1()()ld after an acute
uptake (i.e., 1 mSv Bq ‘ X I pBq d : 10 ‘d-’),
Similarly, detection of 1 pBq of 2-’”PU also can be
interpreted as a committed effective dose of 0. I mSv to
age 70 y after 10,000 d (-30 y) of such an uptake (i.e..
1 mSv Bq–’ x I ~Bq d--’ + 10–5 d- ‘). However, the
accuracy of assessment of the dose would be best if the
plutonium entered in the body by an injection, the
physical size of the particles was I activity median
aerodynamic diameter (AMAD), and its chemical volu-
bility was in Lung-Class Y (ICRP 1984).

Method of calculating dose from Enewetak urine
samples

Since the people of Enewctak were repatriated in
May 1980, we assumed for this study that all plutonium
intake occurred after they returned to live in their
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Enewetak homeland. Urine samples were collected in
June 1989 and February 1991. Therefore, the ten years
from 1980 to 1990 gave us a convenient number for
assessing the fraction of the total plutonium uptake over
this period that would be eliminated by the last day of the
period. Only a few methods are available for interpreting
plutonium urine data due to chronic exposure (Butler
1972; Ramsdem et al. 1990). In general, methods of
solving convolution integrals of an excretion function
were suggested for assessing internal uptake resulting
from recurrent or prolonged exposure (ICRP 1969).

Based on Jones’s ( 1985) urinary functions, an inte-
grated procedure was developed for interpreting 24-h
urine elimination to assess plutonium body burdens
under conditions of constant, continuous, chronic uptake.
Both Jones’s ( 1985) function and the integrtited arithmet-
ics are described in the Appendix. The calculated inte-
grated elimination rate of plutonium in a 24-h urin$
sample after a 10-y constant chronic uptake is 2.4X 10 .
This constant means that the measured plutonium activ-
ity as a 24-h total represents ().()024Yc of thtit in the body.
Similarly, the calculated 24-h urine elimination r~tes of
plutonium at the end of 9 and 1I y are 2.5X 10-5 and
2.3 X 10 5, respectively, under the same conditions of
uptake. Because of the slow rate of elimination of
plutonium from the body, the 9-y, 10-y, find 11-y urinary
elimination fr~ctions into a 24-h urine sample do not
differ by more than 5% within an interval of I y.
Therefore, when a DCF of I mSv Bq-’ is used, each 1

‘ 239Pu indicates a 0.04 mSv committedKBq d-’ Of

effective dose (i.e., I mSv Bq-’ X 1 KBq d-’ +
2.4X I()”-5 d ‘ ) to age 70 y for the people of Enewetak.

Urine sample collection protocol
Before 1989. urine bottles (Nalgene~’~$”; 2-L high-

density polyethylene) were distributed directly to volun-
teers who collected the samples at home and then placed
their bottles in collection boxes at the seashore to be
picked up the next day. This protocol gave no assurance
that dust and sand was kept out of the bottles, nor was
there any guarantee that the urine in the bottle was from
the donor named on the outside; further, there w~is no
provision for insuring that the sample represented a 24-h
elimination.

In 1989, a shipboard 24-h urine sample collection
protocol was developed for the Marshallese (Sun et al.
1993). This protocol was designed to minimize the
unwanted contamination and to assure the quality of all
24-h urine samples on ships. The following steps were
instituted: ( I ) all collection bottles were controlled and
handled on board by registered nurses and authorized
staffl (2) all the Marshallese p~irticipants showered and
changed into clean clothes provided by BNL staff and
stayed on board for the entire interval; (3) a collection log
(e.g., name, date of birth, sex, photo ID. urine volume,
and elimination time) was properly completed; and (4)
all samples were acidified at the end of the 24-h

)Nagle Nune lntcrn:~ti(mal, 75 P;~n(~r~mltiCreek Drive, Ruche\(er.

NY 14602
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collection to minimize plutonium plating on the inner
surface of the collection bottle. All samples were col-
lected under uniform, controlled and monitored environ-
ments to reduce unwanted contamination and to insure a
full 24-h collection.

Table 2 compares the plutonium contents deter-
mined from 24-h eliminations of 32 Marshallese (in
Column 1) for whom samples had been obtained under
both the old on-shore and the 1989 shipboard protocols.
Column two shows the range of 23”PU activity in 24-h
urine, from 10 to 297 KBq. These samples were collected
between 1981 and 1984 using the on-shore collection
protocol described above. Column three shows that only
2 samples (from Subject No. 1 and No. 3) were just
above the MDL (defined at 99Ye confidence level) of 2
KBq of ‘3’)Pu using the shipboard protocol in 1989. The
difference in the paired plutonium contents between
Column 2 and Column 3 can only be explained as due to
external contamination of the samples during on-shore
collections. Hence, Table 2 shows the benefit of the
shipboard protocol and the superior quality of the 1989
urine samples. A disadvantage of the shipboard protocol
is that it requires an overnight stay on the ship, and,
therefore, participation is limited to those people who do
not have pressing domestic responsibilities; this group
generally consists of people between 8-18 y old.

Table 2. Comparisons ot’ 2‘“PU content ( pBq) in the urine ot’ 32

Marshallese under IWO collection protocols.

Subject On-shf~re pr(~tt}col Shipbc>ard protncol

N(). (1981-1984) ( 19X9)

~
3

4
5
6
7
8
9

1()
II
1~

13
14
Is
16
17
18
19
20
21
~~

23

24
25
26
27

?8
’29
30
3[
j?

297

I 75
[17

I 25
125
125
119
I 19
99.5
99.5
.s9.7
86.4
x5.()
77.3
71.7
68.6
61.5
60.3
53.7

51,3
48,4
47.9
42.6
42.4
39,()
23.6

20.3
16,6
16,6
12.3
11.7
I ().4

Information on 1989 and 1991 urine samples
Due to limited facilities on the ship (e.g., beds,

toilets and shower rooms) it was inconvenient to collect
urine from more than 10– 12 volunteers per day. There-
fore, groups of males or females participated on alternate
days. On each trip there was a maximum of 80 people
tested because we were also limited by the amount of
food and tap-water available on the vessel. Seventy-two
and sixty-nine FTA were determined for the people from
Enewetak in 1989 and 1991, respectively. In 1989, there
were 39 male and 33 female volunteers: most of them
were teenagers. The average urine volumes of these
males and females were 830 and 820 mL, respectively. In
the past, we found that the range of the 24-h urine
volume from the Marshallese collected using shipboard
protocol was 50 to 3,500 mL (Sun et al. 1993). For dose
assessment, we decided to use data only for individuals
with volumes greater than 300 mL because smaller
samples might not constitute a normal 24-h excretion.

URINE RESULTS

Table 3 shows the distribution of Iutonium contents
f

in the 24-h urine samples. The ‘q Pu values in the
samples were arbitrarily subdivided into eight groups,
ranging from less than I ~Bq to greater than 37 ~Bq
(Column I). The MDL associated with these samples
was 2 and 3 KBq, for 1989 and 1991, respectively (Sun
et al. 1995). The statistical parameters shown at the
bottom of Table 3 are the total number of samples (~?),the
samples’ mean (.7), and the samples’ standard deviation
(,Y).The calculated.1 and .s values were based on the net
activities, even though some were negative or measured
zero.

1989 FTA results
In Column 2 of Table 3, data from 72 people show

that -90% of the 24-h samples had below 3 pBq d-1,
and none of them was equal to or higher than 7 pBq d ‘.
The committed effective dose to age 70 y for a 7 ~Bq
24-h urine sample was estimated to be about 0.3 mSv.

Table 3. Distribution of 23”PU activity (~Bq d ‘) and the
corresponding values of statistical parameters (n, .~. .s) for the
~eo~le of Enewetak.

2’”PU activity in
24-h urine sample

1989 1991

(~Bq) Frequency distribution

.Y<l 41 17
1s,]-<3 23 ’23
35S<5 5 18
5s,r <’1 3 -1
7<.X<9 () 5

g<.r<l[ () I
II S,T <37 () ()

.Y 2 37 () I “
,, = 71 69

.i (~Bq) = 1.() 4.7

.! (uBu) = 1.7 17

“ This individual ~alue was 146 VBq.
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The .7 and s were 1.0 and 1.7 VBq, respectively. The CV
value was 17070, where CV (Yo) = 100 X (,s/.i). There-
fore, the calculated effective dose to age 70 y due to
‘3’)Pu is 0.04 mSv (i.e., 1 mSv Bq-’ X 1 ~Bq d- ‘ +
2.4X 10-5 d- ‘) for an average person living on
Enewetak.

1991 FTA results
In Column 3 of Table 3, values from 69 people show

that –4070 were above the MDL value of 3 KBq. The i
and .s of the 1991 samples were 4.7 pBq d -‘ and 17 pBq
d-’, respectively. The committed effective dose was
about 0.2 mSv (i.e., I mSv Bq”’ X 4.7 pBq d” +
2.4X 10-5 d-’ ). The large standard deviation value is
due to the 146 ~Bq in the data set. The .7 and .s
recalculated without this value are 2.6 and 2.2, respec-
tively, and the CV values fall from 362Yr to 857o. In this
case, the estimated effective dose is - 0.1 mSv. Individ-
ual urinary excretion data can be highly variable (Clem-
ente and Delle Site 1982; lCRP 1988), and~resently it is
difficult to identify the cause of the higher ‘3(}Pu average
in the 1991 results. More urine samples are to be collected
from the individuals to evaluate this suspect issue.

DISCUSSION AND CONCLUSION

[n Publication 54 ( 1988), the ICRP indicated that
monitoring urine for intakes of plutonium, especially for
low levels, can present difficulties in making the mea-
surements and in interpretation. The lCRP recommended
using a series of excretion measurements to evaluate an
individual intake (lCRP 1988). For monitoring or mea-
suring low-level plutonium in an individual, a repetitive
series of urine measurements is required. Furthermore,
for the Enewetak population, environmental measure-
ments, analyses of environment pathways, and dietary
studies also can be used to estimate intake and corrobo-
rate the results of urine bioassay to enhance reliability of
the dose assessment.

The algorithm described in the Appendix was spe-
cifically developed to interpret urine data for assessing
plutonium uptake in the people of Enewetak. The m~in
limitation of this method is the requirement that the
intake rate is a constant steady state during the integrated
time interval. If the recurrent intake rates were unevenly
distributed over this period, then the dose will be under-
estimated if more plutonium was taken up within the
early half of the integr~ted time. On the other hand, the
dose will be overestimated if such intakes were greater
within the later half (recent) of the time. In either case,
the uncertainty is within a factor of 2.4 (i.e., 2.4x lo--s +
1.OX 10- 5), estimated from the Appendix.

Based on both the Jones ( 1985) urine excretion
function and the ICRP Publication 56 ( 1990) systemic
retention model for plutonium, and also upon the average
23’)Pu content in the 199 I urine samples, we calculate an
average 23”PU uptake of 4.7 Bq and a committed effec-
tive dose of 0.2 mSv to age 70 y for an average adult.
This calculation assumed a constant chronic intake and
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included the 146 pBq d-] datum point: its inclusion is
appropriately conservative. The estimated average dose
for the people of Enewetak would be reduced by about
one half if the DCFS of ICRP Publication 67 ( 1993) were
used.

Again, the dose assessed is a population average.
and the uncertainty, in percent, can be measured from the
mean associated CV. More samples were collected after
199 I by BNL staff for plutonium urinalysis to establish
individual plutonium exposure records after 1991. Al-
though the committed effective dose to the Enewetak
inhabitants from plutonium is low, plutonium is per-
ceived by Enewetak people as being the element of
utmost concern in their environment.
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APPENDIX

This procedure is used to interpret the significance
of levels of plutonium found in a urine sample obtained
after a constant, continuous, chronic uptake. Let l(t) be
the uptake rate in day r, and J(f) be the urine fraction in
t duy using Jones’s ( 1985) plutonium urine excretion
function, as in the following:

J(t) = 0.00475 {’-055X”+ o.000239e-() ()442’ (Al)

+ o.0000855e” ‘1‘)’)380”+ 0.00001 42e ‘)‘)(’(’0284”,

where all the eigenvalues associated with exponential
terms have a unit of reciprocal days. Then, the fraction of
plutonium excreted after the first 24-h of uptake is

P(I) =I(I)X J(I).

Similarly, plutonium excreted after each 24-h (day) is

p(2) =/([) xJ(2)+/(2)x j(]); (A2)

P(3) =1(I) x./(3) +/(2) XJ(2) +/(3) XJ(I);
(A3)

P(4) =f(l)x J(4) +/(2) x./

+1(4) X.J(l);

Therefore.

3) + 1(3) XY 2)
(A4)

and so forth.

P(r?) = l(l) XJOI) + /(2) XJ02 – 1)
(A5)

+.. .+loz)( 1)(l).

If

]=,

P(rz

(1)= /(2) =1(3) =/(4) =.. .(rz)z)
(A6)

is a constant continuous uptake, then

=/x[J(l )+ J(2) + ./(3)+...
(A7)

11 fl, J(t)dt
+J(/z–l) +J(~z)]=lx~J,(t)= lX /IX

/1
II

where P(rz) is the IZ’” day plutonium excretion in 24-h and
“/Xrl” is the sum of total uptakes from days 1 to rz.
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Hence,

P(n) f: J(f) d?
q(n) = ~; = -----;-—.

equals the integration sum of Jones’s function from O
to n days and divided by n. Using Jones’s plutonium

(A8) urine excretion function, we calculate q(3,650) =
2.4 X 10 ‘5.

So, q(n) is the fraction of the total uptake of plutonium
to be excreted in the n’h day 24-h urine sample that ■ ■
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A COMPARISON OF INDEPENDENTLY CONDUCTED DOSE

ASSESSMENTS TO DETERMINE COMPLIANCE AND

RESETTLEMENT OPTIONS FOR THE PEOPLE OF

RONGELAP ATOLL
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Abstract—Rongelap Island was the home of Marshallese peo-
ple numbering less than 120 in 1954; 67 were on the island and
severely exposed to radioactive fallout from an atomic weap-
ons test in h~arch of that year. Those resident on Rongelap
were evacuated 50 h after the test, returned 3 y later, then
voluntarily left their home island in 1985 due to their ongoing
fear of radiation exposure from residual radioactive contami-
nation. Following international negotiations in 1991, a Memo-
randum of Understanding (NIOU) was signed in early 1992
between the Republic of the Marshall Islands Government, the
Rongelap Atoll Local Government, the U.S. Department of
Energy, and the U.S. Department of tbe Interior. In this MOU
it was agreed that the Republic of the Marshall Islands, with
the aid of the U.S. Department of Energy, would carry out
independent dose assessments for tbe purpose of assisting and
advising the Rongelap community on radiological issues re-
lated to a safe resettlement of Rongelap. The MOU enacted two
action levels which were agreed to be used to establisb whether
mitigation should be considered as a condition for resettlement
of Rongelap Island: ( 1) no individual should receive an annual
dose in the future of 1 mSv or more, ahove that from natural
background radiation, assuming that his/her diet consists of
only locally produced foods, and (2) the total surFace soil
concentration of plutonium and other transuranic elements
must be less than 629 Bq kg–’ (averiiged over the top 5 cm).
Environmental radiological datia and diebdry information were
collected over two years (1992–1993) for the purpose of
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predicting future potential doses to Rongelapese who might
resettle. In 1994, four independent assessments were reported,
including one from each of the following entities: Marshall
Islands Nationwide Radiological Study; Lawrence Livermore
National Laboratory; an independent advisor from the United
Kingdom (MCT); and a committee of the National Research
Council. All four assessments concluded that possibly more
than 25% of the adult population could exceed the 1 mSv y-’
dose level based on strict utilization of a local food diet. The
purpose of this report is to summarize the methodology,
assumptions, and findings from each of four assessments; to
summarize the recommendations related to mitigation and
resettlement options; to discuss unique programmatic aspects
of the study; and to consider the implications of the findings to
the future of the Rongelap people.
Health Phys. 73(1):133-151; 1997

Key words: Marshall Islands; fallout; dose assessment; weap-
ons

INTRODUCTION

DCII<IX[; lt[~ years 1946 through 1958,

testin~ was conducted by the U.S
nuclear weapOns

on Bikini and
Enewetak Atolls in the Marshall Islands. Bikini Atoll
was the site of 23 of 66 underwater, ground level, and
above ground nuclear tests conducted in the Marshall
Islands; Enewetak was the site of 42 nuclear tests. Prior
to 1954, the Atomic Energy Cotnmission (AEC) believed
that any danger frotn fallout radioactivity was restricted
to the test site atolls (Eisenbud 1990). Moreover, because
of the predominant east to west direction of the
tradewinds in the mid-Pacific, there seemed little danger
to locations to the east of Bikini. Rongelap Atoll, about
200” km east of Bikini Atoll, was the home of 115
Marshallese at the beginning of the nuclear weapons
program. During the early years of the testing program,
the Rongelap people were allowed to maintain residence
on their home atoll as well as on two other nearby food
gathering atolls, Ailinginae and Rongerik.

On I March 1954 (Pacific date, 28 February GCT),
Castle BRAVO, the largest test of the entire U.S. weapon
testing program, was detonated at Bikini Atoll. BRAVO,
the United States second experimental thermonuclear
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bomb, delivered an explosive yield of 15 MT equivalent
TNT. On 3 March 1954, the evacuation of atolls east of
Bikini became necessary due to unexpected radioactive
fallout from BRAVO tested 2 d earlier. Permanent
residents of Rongelap and temporary residents of Ailin-
ginae were evacuated 50 h after the test (Eisenbud 1990;
Eisenbud 1997). An account of the immediate days
following the exposure incident is in Sharp and Chapman
(1957).

As a consequence of the high levels of radioactive
fallout and delays in completing a rapid evacuation, 67
Marshallese on Rongelap (including 3 i~t ~(ter{~), 18 on
Ailinginae Atoll, 167 on Utrik Atoll, and 26 U.S. weather
observers on Rongerik Atoll were exposed to substantial
doses of external radiation and internal radioactive con-
tamination. The doses to the persons on Rongelap Island
were estimated to be about 1.9 Gy whole body and
between 12 and 52 Gy to the thyroid, depending on age
at exposure (Lessard et al. 1985). Exposures on Ailingi-
nae were estimated to be about 30~0 of those on
Rongelap.

Three main factors contributed to the exposure of
the Marshal lese: (1) the energy yield of BRAVO was
three times the most probable predicted value and twice
the predicted upper limit (DNA 1954), (2) the winds,
which normally blow east to west in the mid-Pacific,
blew in roughly the opposite direction on the day of the
test, and (3) a substantial delay in evacuating the people
from the islands.

Medical surveillance of the Rongelap people was
begun following their evacuation and was maintained
over the succeeding years. Medical findings have been
published in a series of reports from Brookhaven Na-
tional Laboratory beginning with Bond et al. (1955) and
Cronkite et al. (1955). Environmental surveillance of
Rongelap by the AEC Health and Safety Laboratory (see
Breslin and Cassidy 1955) and the University of Wash-
ington’s Applied Fisheries Laboratory (see Donaldson
1955) also began immediately after the accident.

In June 1957, the Rongelap community was returned
to Rongelap. In 1978, Rongelap Atoll was one of eleven
northern atolls monitored in a U.S. Department of En-
ergy (DOE) sponsored aerial survey (see Tipton and
Meibaum 1981 ). Findings from that program were ex-
plained to the Marshallese audience in a bilingual report
issued by the DOE in 1982 (Bair et al. 1982). The levels
of radioactivity contamination on Rongelap Atoll, how-
ever, had not been previously known to the Marshallese
living there, thus considerable fear resulted among the
community. As a result of their apprehension, the
Rongelap people moved in May of 1985 from Rongelap
Island to Mejatto,** a small island in Kwajalein Atoll,
about 200 km south of their homeland. Because Mejatto
was not a suitable replacement island, discussions on the
safety of their home atoll began within two years’ time.

In 1987, the RMI contracted Dr. Henry Kohn,
previous chairman of the Bikini Atoll Rehabilitation

** MeJa[(O Island in K~ajti]ein Atoll should not be Confused with

Mejatto island in northern Rongelap Atoll.
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Committee, to review the 1982 DOE report for the
purpose of determining the validity of its conclusions. As
part of that process, Kohn reviewed an updated LLNL
dose assessment report for Rongelap Island that was
based on extensive data developed from samples col-
lected in missions to Rongelap Island in 1985, 1986,
1987, and 1988.

In March 1989, the Rongelap Reassessment Project,
chaired by Kohn, issued a final report (Kohn 1989)
indicating that Rongelap Island was generally safe for
habitation assuming a mixed food diet (locally grown
food plus imported food), though the potential radiation
doses to infants and children were still of concern and
should be studied further. Further negotiations ensued
and in February 1992, a Memorandum of Understanding
(MOU 1992) was signed between the RMI Government,
the Rongelap Atoll Local Government, the U.S. DOE
(Office of Environment, Safety and Health) and the U.S.
Department of Interior (DO1, Office of Territorial and
International Affairs). As part of the agreement, the
Department of Interior provided $1.6 M to the Rongelap
Local Government for the purpose of funding scientific
studies previously outlined and presented to the House
Appropriations Committee. The study plan and budget
allowed for Rongelap community participation in the
conduct of those studies. Funding for a similar but
separate evaluation of Rongelap by DOE laboratories
was provided for within the DOE annual budget.

The Rongelap Local Government (RALGOV) sub-
sequently established the Rongelap Resettlement Project
(RRP*t) and contracted a scientific management team to
carry out studies designed to determine the expected
exposure of a returning population. An international
technical oversight body to review the quality of the
scientific work was also assembled as well as an admin-
istrative body (see Appendix for membership lists).
Similarly, the Lawrence Livermore Laboratory (LLNL)
embarked on an expanded sample collection of Rongelap
and an updated assessment on behalf of the U.S. DOE.
The DOE similarly established an independent review
board through the National Research Council (NRC, see
Appendix for membership list).

The objective of this report is to present a descrip-
tion of the combined activities of the Marshall Islands
Rongelap Resettlement Project and those of the Depart-
ment of Energy for the reevaluation of the safety of
Rongelap. These various activities included detailed
radiological monitoring and sample analysis and collec-
tion of human behavioral data, which ultimately led to
four independent dose assessments and recommenda-
tions for limited remediation programs as well as reset-
tlement options. The unique aspects of multiple indepen-
dent assessments and community involvement will also
be discussed.

~“tThe Rongelap Resettlement Project ( 1992– 1994), the subject of

this paper, was a separate study from the Rongelap Reassessment
Project ( 1987–1988, see Kohn 1989) despite similar names. RRP
refers exclusively to the former.



OBJECTIVES, DATA, AND METHODOLOGY

Objectives as outlined by Memorandum of
Understanding

The Memorandum of Understanding (MOU) en-

acted two primary conditions to determine whether
resettlement should be considered without a requirement
for mitigative action. These conditions were generally
considered by the Marshallese as “limits” that required
an absolute determination of compliance: thus, in the
end, some misunderstandings resulted. The conditions as
specified in the MOU applied exclusively to the southern
half of Rongelap Atoll (see Fig. I), though considerable
emphasis was given to Ron,gelap Island because of its
comparatively large size and history as the residence
island of the main community. The two conditions as
stated in the MOU and that were the responsibility of the
RRP to determine are set out below.

1.

7-.

“The primary condition of a determination to initiate
resettlement. . . is that the calculated whole-body
radiation dose equivalent to the maximally exposed
resident shall not exceed 100 millirem per year above
natur~l background, based upon a local food only
diet. . . The ‘local food only diet’ declaration is meant
to constitute a traditional Rongelapese diet consisting
of local food taken, grown and/or gathered from the
southern islands of Rongelap Atoll and the immedi-
ately surrounding waters. . . for comparison purposes
a more ‘realistic diet’ shall be more precisely deter-
mined and quantified. . . in consultation with the
Rongelap community. In its determination of what
constitutes a ‘local food only diet’, the Rongelap Atoll
Local Government Council may at its discretion
include imported foods that are staples of the diet,
e.g., rice.”
“An additional condition of mitigation is the extent of
transuranic contamination, espeially plutonium con-
tamination of the soil. . . . utilizing as an action limit,
the screening level of the U.S. Environmental Protec-
tion Agency of ().2 microcuries per square meter,
which has been translated by the DOE/ES&H into an
activity concentration of I7 picocuries/gram of tran-
suranics averaged in the top 5 cm of soil.”~t

Diet information: Importance and data collection
Cesium- 137 is readily transferred from soil to plants

in the terrestrial ecosystem of coral atolls because of the
absence of clay material to bind the cesium and because
the soil is inherently potassium deficient (Robison and
Stone 1992). Plant uptake of cesium is enhanced in this
environment because of the metabolic needs of plants for
potassium and the chemical similarity of cesium to
potassium. Agriculture is not a common practice in the
RMI aside from occasional planting of sweet potatoes
and watermelon. Generally, native fruits including coco-
nut, breadfruit, PLi)I~lLJ)?LI,Y, papaya and arrowroot are

‘“iThrough the rem:linder of this public:ition. the two conditions
to be determined :]s outlined in the MOU will he expressed in S1 units.
i.e., 1 mSv y ‘ und 629 Bq kg ‘.

collected as staples of the traditional island diet. Aside
from fruits, seafood, including shallow water dwelling
“reef’ fish, pelagic fish, crabs including the land dwell-
ing “coconut crab,” lobster and giant clatns, compose the
traditional Marshallese diet. The inclusion of rice in the
day-to-day diet is now universally accepted among Mar-
shallese and forms a staple along with canned meats and
several variations of bread or cakes made from imported
tlour.

Foremost of all the dietary components that result in
‘ 137CS by Marshallese is the coconut. Thethe intake of

coconut fruit is used at all stages of growth and provides
liquid replenishment at the young “drinking stage,” a
semi-solid or solid ‘meat’ (depending on the age of the
coconut) which is added to various cooked dishes, and
juice which may be fermented into a consumable alco-
holic drink. Because there is no freshwater on the atolls
except for that collected from r~infall, coconut liquid of
the young fruits is widely consumed and is, therefore, a
primary contributor of cesium to the diet of Marshallese
resettling contaminated lands. A reasonable estimate of
the intake of coconut food products is important for
assessing radiation dose to Marshal lese.

The primary endpoint of the scientific studies was to
be a prediction of possible doses to Ron,gelapese upon
resettling Rongelap Island. Because the preponderance of
the total radiation dose that would be experienced by
Rongelapese today would be from ingestion of locally
grown foods containing 137CS (Robison et al. 1980,
1982a, 1982b, 1987; Robison 1983), the composition of
any assumed dietary model was the principal determinant
of predicted doses.

The precise dietary intake at any atoll has been
difficult to determine despite the review of numerous
historical reports and documents. Over a dozen such
historical documents describing food habits among Mar-
shallese were reviewed by the NRC ( 1994), including a
National Nutrition Survey conducted in 1991 by the RMI
Ministry of Health. However, few useful data could be
extracted from any of these to quantitatively describe the
variation of dietary intakes which are needed for sex-,
age- and atoll-specific dose assessments, For the four
dose assessments reported here, two sources of dietary
information were used, though several possible varia-
tions were considered. One survey conducted by the
Micronesia Legal Services Corporation (MLSC) on
Ujelang Atoll in 1978 with the assistance of a Marshall-
ese school teacher and reported by Robison et al. ( 1980,
1993, 1994) was used in the LLNL assessment and
ultimately was the basis for the NRC assessment and
review. A second survey was conducted for the purposes
of the RRP and was reported by Dignan et al. ( 1994) and
summarized by Franke ( 1994). Because of the implicit
importance of these diet studies to the dosirnetry end-
point, a summary of both diet surveys is presented here.

LLNL diet model. A summary of the MLSC diet
has been provided in Robison et al. ( 1980). The dato were
obtained from a survey of 34 adult females and 36 adult
males, as well as teenagers and children on Ujelang
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Atoll. Adult intake exceeded that of teenagers and
children, and the intake of local food was about 209~
greater for women than for men. The higher intake
attributed to women is unexplained and certainly ques-
tionable. Those unexpected results are indicative of the
acknowledged uncertainty in dietary estimates. Rather
than attempt further speculative refinement of the diet,
the MLSC diet was used by LLNL as a basis for
estimating dietary intake. The caloric intake rate (kcal
d-’ ) was 1,392 for the case of imports unavailable (i.e.,
local food only) and 3,208 for the case of imports
available and was specified as the average adult intake
for the northern Marshal I Islands. The caloric intake rate
is relatively low for the ireports unavailable case and
relatively high for the imports available case. For exam-
ple, kcal d -1 intake for adults living in the U.S. are
reported between 1,850 (Yang and Nelson 1986) and
1,925 (Abraham et al. 1979). NRC ( 1994) in their review
of the MLSC diet commented that the caloric intake for
the local food only diet resulted in an energy deficit that
would normally result in a weight loss of about 1.8 kg per
week. Though there are no historical accounts of weight
loss, the NRC commented that the Ujelang diet survey is
as good as many major diet studies in the U.S. and “was
the logical and appropriate choice. . . to use to estimate
exposure. . . “.

Considerable effort to validate various diet models
has been made by comparing the predicted body burdens
of ‘’37Cs from these diets with 137CS body burdens

measured directly from whole-body counting (Robison
and Sun 1996). The LLNL diet model consisting of both
local and imported foods predicts very well the actual
measured body burdens at Rongelap Island between
1977 and 1984. The use of other diet models to calculate
137CS body burdens at Rongelap and Utrik Atoll consid-
erably overestimate the observed results (Robison and
Sun 1996, 1997). Consequently, the LLNL diet model
that contains both local and imported foods was used to
calculate a realistic aver~ge population dose that reflects
current dietary practices in the Marshall Islands.

To comply with the MOU, a diet consisting of only
local foods had to be used for calculating a maximum
individual dose. The local-food-only diet from the MLSC
survey indicated a low caloric intake of 1,392 kcal d ].
That diet may have had relevance during periods when
imported foods were unavailable, which happened prior
to the atolls having runways for airplane service and
when the local population was dependent on field ships.
Marshallese in three different atoll communities hove
referred to the diet as a “famine” diet. This term indicated
a lack of food supply and perhaps the caloric intake was
low during those periods. Nonetheless, the caloric intake
for the LLNL local foods only diet was doubled to 2,784
kcal d– 1 on recommendations of the NRC review CoIn_
mittee. This was accomplished by doubling the intake of
all local foods listed for the local-foods-only diet; this
action also led to a doubling of the intake of 137CS for
dose assessment purposes.



The MLSC diet model includes all forms of seafood,
chicken (locally raised), pigs (locally raised), native
fruits including some cultivated varieties, rainwater and
well water. The imported food component, which in-
cluded canned meat, potatoes, rice, canned fruit juice and
vegetables, etc., was assumed not to contribute any
manmade radioactivity. The intake of coconut products
was approximately 99 mL d– [ of fluid, 84 g d-” 1 of
various forms of the copra and sprouting coconuts, and
32g d-1 of the soft drinking coconut meat.

NRC diet modifications. The report of the NRC
( 1994) considered the diet model used by LLNL and
proposed several modifications. Two of those variations,
( 1) “Local only” diet and (2) “Coconut collector’s diet”,
were specifically applicable to the conditions set forth in
the MOU. The NRC “local only” diet was an adjustment
of the MLSC “local-food-only” diet to 3,208 kcal d-1
(2.305 X the MLSC local food only value), equal in
energy intake to the MLSC “local-ond-imported-f ood”
diet. The NRC committee felt that this intake value
would produce a sustainable body weight. The second
variation, the “coconut collectors diet.” was also derived
from the MLSC “local-food-only” diet; however, the
energy intake for this variation was 2,018 kcal d-1. In
this case, the energy intake was increased by increasing
the intake of fish (2X), coconut juice (5x), drinking
coconut meat (5X ) and sprouted coconut (5X), though
the intake of turtle eggs and water was reduced (90 and
300 g, respectively) so that total intake remained reason-
able.

RRP diet model. The sources of dietary information
used in the RRP assessments were the results of a
24-hour recall survey of the Rongelap community now
residing on the island of Mejatto in Kwajalein Atoll. The
Mejatto dietary survey was conducted in May 1993 for
the RRP by a nutritionist from the South Pacific Com-
mission who was assisted by Rongelap community mem-
bers and one of the authors (BF). Before the conduct of
this study, the RRP acknowledged that acquiring empir-
ical data on a local-food-only diet in the RMI did not
appear possible since there are no longer any atoll
communities which subsist for long periods of time
solely on a diet of locally grown food. Given the inherent
limitations. the study was designed to collect two types
of data: ( I ) the range of caloric intakes today among the
resident population, and (2) a determination, by personal
inquiry, of the preferred “local foods” which if available
would be consumed in replacement of imported foods.
Data were collected on 319 residents with a repeat data
collection from 48 women several days later.

The strength of this dietary survey was that the
population under assessment was examined for their own
eating habits, thus ensuring a degree of credibility with
the population. The proven validity of the diet as a
description of present or future eating habits was less of
a concern than was an overt acceptance by the commu-
nity that the diet adequately described their lifestyle. The

RRP diet also met reasonable expectations for energy
consumption and expenditure.

Data obtained in the survey of Mejatto residents
indicated that, on average, only 187c of their food
originated with local produce. The poor supply of locally
grown food on Mejatto island was the primary weakness
to an empirical determination of the local food compo-
nent, although the findings were not surprising since the
bulk of the Mejatto diet was known to consist of USDA
imports.

The observed mean energy intake (El ) for men and
women was 1.6 times the estimated mean basal meta-
bolic requirement (BMRc,t), a value consistent with
sedentary-light activity. As anticipated, however, the
spread of the distribution of EI BMRC,, - 1 was over-
disperse with a small number of individuals reporting
energy intakes below a reasonable metabolic rate and a
few reporting maximum energy intake equivalent to
unrealistically high physical activity levels. Since reason-
able annual mean values were needed for the dose
assessment, the standard deviation of the EI BMR ]
distribution was adjusted to reflect a reasonable spread of
intakes. The 1st percentile was set equivalent to EI
BMR- 1 of 1.0; the 99th percentile was set equal to 2.3
for males and 2.0 for females.

The findings of the Mejatto diet survey reported by
Dignan et al. ( 1994) indicated caloric intake-rates of
approximately 1,960 f 105 ( 1 SE) and 2,750 t 146 ( I
SE) kcal d- 1 for women and men, respectively. The
primary “local food diet” was eventually accepted by the
Rongelap community to include a 25% caloric contribu-
tion from rice. This diet was termed “Mejatto scaled diet
with rice.”

The variety of local foods that eventually was
substituted for calories consumed from imported foods
was not as varied as in the MLSC diet. However, the
differences in cesium content between most types of
seafood are small, as is the variation among most
vegetables and among most fruits (with an exception of
Pa~Idc/tIL~,s).The intake of coconut products for males in
the “Mejatto scaled diet with rice” was approximately
104 g d-1 of fluid, 23 g d-1 of the soft drinking coconut
meat (’mede’ in Marshallese), and 372 g d“” 1 combined
of solid coconut cream, diluted coconut milk, coconut
embryo (“iu”, pronounced “you”) and hard coconut
(“waini”). The intake of coconut products for females in
the “Mejatto scaled diet with rice” was approximately
151 g d-1 of fluid, 1.6 g d-1 of the soft drinking coconut
meat, and 395 g d– L combined of solid coconut cream,
diluted coconut milk, coconut embryo and hard coconut.
The liquid and soft coconut meat components were close
in value to the MLSC diet.

In all, five dietary variations were evaluated by the
RRP although three are of primary interest here: (1)
Mejatto observed (18% local food); (2) Mejatto scaled
without rice (100% local food); (3) Mejatto scaled with
rice (7590 local food). The principal dietary model for
determination of compliance with the guidelines of the
MOU was diet (3), “Mejatto scaled with rice.”



External gamma-exposure

LLNL. External gamma measurements of 137CS
were obtained in 1978 by EG&G from an aerial survey
using helicopter-mounted NaI detectors (Tipton and
Meibaum 1981 ) and from LLNL ground measurements
made on a 100-m grid on Rongelap Island in 1992. The
resolution of the EG&G measurements was about 100 m.
Exposure contours were developed from those data, and
the island average exposure for the interior of the island
(non-village area) was determined by weighting each
contour by the encompassed ground area.

These decay corrected EG&G data and extensive i~z
.sifu gamma measurements made by LLNL in 1988 inside
houses and buildings, outside of the houses, and in the
village area were used in conjunction with assumed times
that people spend in and around their houses, in the
village area, in the island interior, and on the beaches and
lagoon to determine the external exposure (Robison et al.
1994).

RRP. Ground contamination measurements and soil
samples were collected by the Marshall Islands Nation-
wide Radiological Study (NWRS) under a contract with
the RRP. Four sampling missions were conducted: No-
vember 1991, April 1992, September 1992, and April
1993. The sampling missions for the RRP received
substantial logistical support from DOE programs in the
conduct of their own investigations.

1/? .sittt gamma spectrometry measurements using
high purity germanium (HPGe) detectors were made by
the NWRS on a systematic grid of 200 m spacing over
the entire southern half of Rongelap Atoll including the
primary residence island (Rongelap)(Fig. 2). There were
63 measurement sites on the 200 m grid of Rongelap
Island. In addition, four of the primary grid cells (200 X
200 m each) were chosen for systematic measurements
on a 40-m scale (i.e., 25 measurements per grid cell).
Thus, the primary set of ground-contamination data for
Rongelap Island was 163 i)? ,Yif~~ gamma spectrornnc~
measurements. The i~? sitlf count rate data from ,
137CS, and 241Am were interpreted using calibrations
determined by theoretical considerations using the relax-
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ation length concept (Beck et al. 1972; Heifer and Miller
1988) and using empirical data collected from over 200
soil profiles around the Marshall Islands to determine a
best estimate of the calibration factor, Bq m -2 per count
s-’. The ground contamination estimates were used to
derive external exposure rates by the use of kerma factors
(Jacob and Paretzke 1986).

Because Marshallese generally move about the is-
land on foot to collect food. it can be reasonably assumed
that their annual exposure would depend on which
specific locations of the island were routinely visited.
Thus, the average contamination over areas large enough
for food collecting might best predict the aver~ge exter-
nal exposure. The determination of the size of the area
used for food gathering requires some understanding of
traditional Marshallese customs. For example, land own-
ership is generally specified by kt’ctto.sor relatively
narrow strips of land that run from the lagoon side of the
island to the ocean side. W{rtos may be as narrow as a few
hundred meters. Thus, food collection for individuals (or
families) might be limited to particular areas or tt’uto.sof
the island. Such considerations led to the decision to
determine the range of external exposures that might be
received among the population depending on the location
on the island where an individual resided and by consid-
ering various sized areas over which to average the
contamination data.

Food radioactivity data

LLNL. Collection of food tind soil samples from
Rongelap by LLNL began in 1978 as part of the U.S.
DOE sponsored Northern Marshall Islands Radiological
Survey (NMIRS). A series of reports from the NMIRS
provided external gamma measurement data and soil,
plant, animal, cistern water, groundwater, and marine
species radio nuclide concentration data (Tipton and
Meibaum 1981; Robison et al. 1981a, 1981b; Noshkin et
al. 198 I). A dose assessment was made for Rongelap
Island as part of the NMIRS (Robison et al. 1982a).
LLNL collected hundreds of additional samples of soil
and locally grown fruits from 1985 through 1989. More
samples were collected during collaborative sampling

Fig. 2. Reproduction of photograph of Rongelap Island from U.S. DOE sponsored aerial survey (see Tipton and
Meibaum 1981; photo courtesy of LLNL).



missions with the NWRS during 1991 to 1993; LLNL
collected soil and vegetation samples on a 100-m grid
across all of Rongelap Island. The number of samples
analyzed over the years from Rongelap by LLNL is
extensive (see Robison et al. 1994) numbering, for
example, over 400 for drinking coconuts and nearly all
Pc1/zdLII?u.fand all breadfruit on the island. Few samples
of other fruits such as banana, arrowroot, and limes are
available because of the scarcity of these trees on the
island.

RRP. The NWRS also collected fruits during sam-
pling missions conducted from 1991 through 1993; types
of fruits collected included coconuts (at various stages of
growth), Pat?danL/s, breadfruit, and arrowroot, as well as
five different plant species consumed in traditional Mar-
shallese medicine (for the Iattcr topic, see Duffy 1994).

The capacity of the NWRS for analyzing samples
was much less than that of LLNL: however, the objec-
tives of the study included comparing data between the
two institutions for the purposes of corroboration, lead-
ing eventually to sharing of data. Because the data on
radionuclide concentrations in food crops and soil ob-
tained by the NWRS were essentially the same as those
from the LLNL database, plant concentrations and plant:
soil concentration factors from the more extensive LLNL
database were used by the NWRS in their dose assess-
ment. The following section describes the process of data
intercomparison.

Quality control programs

Interlaboratory comparison. Interlabordtory com-
parison was an important part of the quality control
program of the combined Rongelap studies. It also served
to minimize excessive redundancy in sample collection
and analysis. Several different interlaboratory compari-
sons were made in the course of the combined Rongelap
activities. Findings are summarized here but are de-
scribed in greater detail in Graham and Simon ( 1994) and
Kehl et al. (1995).

Both LLNL and the NWRS laboratory participated
in international laboratory intercomparisons through the
International Atomic Energy Agency (IAEA). LLNL has
had an ongoing intercatibration program with the IAEA
for 25 y, which included yearly sample analysis. An
extensive intercalibration and split-sample analysis pro-
gram with several contractor laboratories, universities,
and other laboratories around the world are conducted by
LLNL. In addition, the NWRS conducted an independent
interlaboratory comparison with LLNL and three other
institutions, s~ and numerous types of samples were
collected and split for analysis and data comparison
directly with LLNL.

‘i GSF Institut fur Str~hlenschutz (Munich. FRG). Natit)nill
Radiatinn Labnrtitory nl’ NCJV Zeal:lnd (Christchurch, NZ). Cul{)radu
Stute Uni\ersit) (Ft. C[)l] ins, CO, USA).

Peer review. Both the RRP and the LLNL assess-
ment programs utilized independent and separate peer
review as a quality control meusure. Some differences
were apparent in the implementation of peer review for
the two programs. The RRP program established a
six-person review board after submitting a roster of
names and credentials to the Rongelap Local Govern-
ment for review. The RRP Technical Oversight Group,
which was subsequently assembled, assisted in guiding
the RRP study by reviewing study plans before imple-
mentation. In particular, one member provided a protocol
that was accepted for utilizing dietary information and
calculating possible doses to future residents (see Thorne
1994a). In addition, the RRP Oversight Group reviewed
final study findings. The U.S. DOE established a Com-
mittee on Radiological Safety in the Marshall Islands by
contract through the Nat ional Research Council. The
charges to that committee included a review of the
applicability of international dose standards to contami-
nated areas of the Marshall Islands, evaluation of analyt-
ical techniques and dosimetry methods used by DOE
contractor laboratories, evaluation of the implications of
various dietary regimens, and review and evaluation of
methods to reduce future exposure of Marshal lese, in
particular those persons that might resettle Rongelap
Atoll. The findings of the NRC were published in 1994
(NRC 1994).

Dose assessment methodology
Because of the indepcndcncc of the four groups,

there were some differences in assessment methodology.
Due to space limitations, only the primary assumptions
and types of models are briefly described in this paper.

LLNL. The LLNL dose assessment was designed to
calculate realistic population ~ver~ge annual and time
integrated doses based on a diet model consisting of both
local and imported foods to people returning to live at
Rongelap Island. In addition, a dose estimate was made
for the conditions outlined in the MOU for a maxilmum
individual dose based on a diet model that assumed the
consumption of only locally grown food for a lifetime.

The effective dose to a returning population was
determined by a summation of the extern~l exposure
from 137CS, the skin beta dose from 1‘7CS, and internal

137CS, ‘)OSr, and transuranic r~dionuc[ides
ply>:[;yfl ,

Am). The detailed methodology is de-
scribed in Robison et al. ( 1994).

Calculations of external exposure from gamma ra-
diation used data collected by aerial survey in 1978,
supplemented with ground level measurements collected
in 1988. The pritnary assumptions to account for varia-
tions in shielding and ground contamination were 9 h d 1
indoors, 6 h d– 1around the house and village, 7 h d -1 in
the interior of the island, and 2 h d 1 on the beach or
lagoon with exposure-rates of 6.0 X 10-14 C kg-} s-1
(0.83 Rh-1), 1.4x lo-13 Ckg-ls - ‘(2.0 Rh”-l ),2.2X
lo-]” C kg-’ S-l (3 R h- 1), and 6.4 X 1()”-15C kg”” 1
s 1 (0.089 R h- ‘), respectively. Skin dose from beta
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radiation was determined to be extremely small and
could be neglected.

Internal dose from 137CS was calculated using meth-
ods described in ICRP Publications 30( 1979), 56 ( 1990),
and 61 ( 1991 ) to determine the dose factor. The biolog-
ical half-life was determined as a function of age (i.e.,
body mass). Internal dose from 9(’Sr used the model by
Leggett et al. ( 1982) which has three compartments, two
within the bone volume and one for the bone surface.

Dose from transuranic radioactivity included contri-
butions from ingestion and inhalation. The methods used
to calculate ingestion dose were from ICRP Publications
30 ( 1979), 48 ( 1986), and 56 ( 1990). The gut-to-blood
transfer factor, f,, was assumed as 10–3 for plutonium
and americium in vegetation and 10–4 and 10–3, respec-
tively, for the radionuclides ingested in soil. Forty-five
percent of the plutonium and americium in blood was
assumed to be transferred to bone and 459’ to the liver.
The biological half-life was set at 50 y in bone and 20 y
in liver. A quality factor of 20 was used for both
radionuclides.

Inhalation dose modeling for the transuranic radio-
nuclides used various data collected in resuspension
experiments at Enewetak and Bikini Atoll (Shinn et al.
1989, 1996). Mass loading in air was determined for
various earthmoving and wind conditions. Assumptions
were made on the length of time an individual might
spend in those extreme conditions as well as in routine
activities of various types (non-occupational, resting,
etc.). Methodology from ICRP 30 ( 1979), 48 (1986), and
56 ( 1990) was used for the dosimetric models. The
activity median aerodynamic diameter assumed in those
calculations was 1 Km which provides a slightly conser-
vative dose calculation in that results from the resuspen-
sion studies show a medium diameter close to 2.5 pm.

For comparison, the dose from z 1‘)Po and 21‘)Pb in
seafood was evaluated (Noshkin et al. 1994). The effec-
tive doses from ingestion of 210PO and 2‘‘)Pb were also
considered in the LLNL assessment mainly as a means to
provide a perspective of the fallout related dose.

Both deterministic and Monte Carlo type calcula-
tions were reported. An estimated maximum annual dose
was defined as the dose-rate in the year immediately
following resettlement when the sum of the external and
internal gamma dose are maximum. The input data for
those calculations were the LLNL diet model (average
values) and environmental radionuclide concentrations in
food crops (also average values) as previously described.
The uncertainty and inter-individual variability in the
population average and maximum individual estimated
doses were calculated by methods described in Bogen et
al. ( 1997). Some of the original estimates for Rongelap
by Robison et al. ( 1982a) were revised in Robison et al.
( 1994). The inter-individual variability in the maximum
individual dose was calculated under the assumption of
double the caloric intake of the LLNL local food only
diet model. Using Monte Carlo techniques to model the
variations among individuals (intake-rates, biological
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half-life, etc.), a distribution of the variation of doses that
could occur was also provided.

NRC. The charge to the NRC review committee
( 1994) was to evaluate the quality of the scientific
programs sponsored by the DOE rather than to perform a
dose assessment. Consequently, the NRC report made no
attempt to collect new data, develop new dose assess-
ment methodologies, or perform independent assessment
calculations. In the process of critiquing DOE programs,
however, the NRC committee did consider alternative
diets and, in doing so, they made estimates of potential
exposures under various dietary scenarios. The consid-

7.ered in estion and inhalation for
F

137CS, ‘)’)Sr, ‘- c)+a4’)Pu,
and 24 Am. Rather than reproduce the probabilistic
methods used by DOE or the RRP groups, the NRC used
average dietary intake values for each scenario plus the
land and food contamination values given by Robison
( 1994) to determine if compliance with the dose condi-
tion was met.

RRP. The dose assessment calculations were carried
out at two separate locations (Majuro, RM1 and Sussex,
UK) according to the same protocol (see Thorne 1994a),
but with entirely independent programming and some
small differences in approach. Duplicate calculations
were made to ensure that the final result contained no
artifacts of programming or misinterpretations of the
primary data. Because of the difficulties in defining the
maximally exposed individual, the approach adopted by
the RRP was to assess the distribution of likely doses that
might be received by both external and internal exposure.
The objectives of the RRP to assess dose were not as
broad as that of LLNL, i.e., all pathways and radionu-
clides were not considered. This decision resulted from
considerable evidence showing that 137CS contributes
99% of the external exposure and close to 907. of the
internal dose (Robison et al. 1982a, 1982b, 1987, 1994:
Robison 1983). The ap roach was to calculate first only
the contribution from ?~,cs Depending upon the ,,ut

come relative to the MOU compliance values, further
sensitivity analyses were to be made and evaluations of
other radionuclides and pathways would be performed.
The methodology adopted by the RRP for dose assess-
ment had as its objectives to compute ( 1) the probability
density function (pdf>ll’[of the population distribution for
internal dose, (2) the probability density function (pdt]
for external exposure and (3) the pdf for the combined
external and internal effective doses.

Distributions of dose-rate among members of the
population were separately computed for men and
women (i.e., using the diet and body weight variation
among the community of men or women, not the uncer-
tainty for individuals). Dose to children was examined by

II PriJbobility density functicm (see tmy sl:md:lrd statistical text.
e.g.. Mendenh~~l I et :11. 1986) refers to [he stt]tistic:~l distrihuti(>n of the
se( of” computed d(}ses. The pr{)h:lbil ities nf discrete d~~se k :ilucs
occurring w,ithin the populating were derived frnrn the rel:ltik,e
t’requency nt’ occurrence of etlch vtilue.



comparison of energy intakes in relation to body masses.
Population dose distributions were derived using Monte
Carlo techniques to draw at random from the distribu-
tions of soil concentrations, body mass, and energy
intake, In the calculations by Simon ( 1994a; also see
Simon and Graham 1996), distributions of plant:soil
concentration ratios were input as well.

The external component of dose-r~te depends on the
extent to which an individual moves around the island,
particularly if the count rate varies markedly from one
part of the island to another. A relatively immobile
individual will be subject to an exposure rate typical of
the locality in which he or she spends most of their time
whereas a mobile individual will approximate to the
average exposure rate for the island. This “mobility”
factor was allowed for by assuming various sized “radii
of utilization” and by spatially averaging ground contam-
ination over these areas. Although data were originally
collected on a grid (200” m square) of coarse size relative
to the movements of people, soil contamination data
were estimated on a finer grid by an optimal interpolation
method known as kriging (for an extensive review of
kriging methods. see Cressie 199 I ). These calculations
were completed and reported by Diggle et al. ( 1994,
1997). The interpolated data were then spatially averaged
over different radii of utilization.

The distribution of possible doses among the popu-
lation depends on the variation of yearly averaged food
intake-rates and the areas of the island used for food
gathering. Environmental contamination data were used
differently in the calculations by Simon ( 1994a) and
Thorne ( 1994b). In the first case, the empirical ground
contamination data were used directly, considering each
measured value to be representative of the entire 200 m
grid cell. Ingestion-rates. as determined by survey, were
then matched at random by computer Monte Carlo
techniques with the set of environmental concentrations.
The second method used the spatially averaged values
matched at random with the set of ingestion rates.

Both the external and internal dose rates depend on
body mass. In the external case, dose rate was derived
from exposure rate using ICRP 51 ( 1989) conversion
factors. For internal exposure, dose rate depends upon
food (mass) intake, dietary composition, and body mass.
A diet survey of the inhabitants of Mejatto Island was
used to assess the contribution of local foods to the
present diet and to assess the distribution of energy
intakes. The fractions of time spent in different activities
were based on previous DOE assumptions. In determin-
ing the pdf of the total ‘37CS dose, a perfect correlation
was assumed between external and internal components,
the rationale being that those areas of the island with high
(or low) ground contamination would in general result in
high (or low) external exposure as well as high (or low)
concentrations in food plants.

SUMMARY OF SELECTED DATA

A comprehensive report of all the data collected in
these studies cannot be reported here. Data important to

the project resulted from a comprehensive and detailed
radiological survey of Rongelap Island and other islands
(see Tipton and Meibaum 1981; Robison et al. 1982b,
1994; Simon and Graham 1994), findings from a diet
survey of the Mejatto community (Dignan et al. 1994;
Franke 1994) and the Enewetak community (Robison et
al. 1982a, 1994), extensive fruit and soil sampling
(Robison 1994) and quality control studies (Graham and
Simon 1994; Kehl et al. 1995).

Land contamination
The levels of 137CS and transuranic radioactivity in

soil cover a range of about five for most soil samples
obtained from Rongelap Island; however, the lowest
measurements (generally by the beaches) and the highest
(generally in the interior of the island) can cover a range
of nearly 80. Measurements in this context could refer to
i)? sittf, aerial, or laboratory gamma spectrometry. The
ground contamination is characterized by four areas of
highest activity: interior of the east end of island, an area
midway in the isthmus, and two interior areas on the west
end of the island.

The average areal inventory of 1-’7CS determined by
LLNL (summed to 60 cm depth) was 52 kBq m-z
(Robison et al. 1994). Concentrations in the top 5 cm of
soil for the transuranic radionuclides were 96 Bq kg– 1
for 241Am and 132 Bq kg--1 for 23’)’24(’Pu in the interior

of the island and 15 Bq kg- 1 for 24’Am and 19 Bq kg- 1
for ‘3’)+Z4(’PUin the village and housing area (Robison et
al. 1994).

Values of land contamination determined by the
NWRS were similar. The average areal ,inventory of
1-’7CS (to 30 cm depth) was 35 kBq m - (Simon and
Graham 1994). The island average concentrations in the
top 5 cm of soil were 0.48 B kg-1 for 6(’C0, 65 Bq kg --1
for ‘4] Am, and 133 Bq kg -7 for 27) I 240Pu (Simon and
Graham 1994).

Local foods
A comprehensive summary of radioactivity concen-

trations in locally produced foods as determined by
LLNL is reported in Robison et al. ( 1994); measurements
made by the NWRS for the RRP are reported in Simon
and Graham ( 1994).

The average concentrations of 1-’7Cs in locally
grown foods as determined by LLNL were 7 I Bq _k~~ 1
(wet weight) in drinking coconut meat, 32 Bq kg In
drinking coconut fluid, 120 Bq kg--1 in copra (mature
coconut), 250 Bq kg - ] in PcI)z(iatzus,and 130 Bq kg 1 in
breadfruit (Robison et al. 1994).

Measurements of 137CS from the NWRS, based on a
much smaller sample size, were 185 Bq kg-- 1 (dry
weight) for drinking coconut meat, 24 Bq L– 1 for
drinking coconut fluid, 903 Bq kg-1 (dry weight) in
Polynesian arrowroot (Simon and Graham 1994), and
between 300 and 700 Bq kg “-1 in five species of plants
whose leaves are used for preparing traditional medicinal
remedies (Duffy 1994).
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Quality control studies
Though the Marshall Islands Nationwide Radiolog-

ical Study (NWRS) and LLNL have participated in a
variety of international laboratory comparison activities,
only those programs between the two laboratories for the
purpose of the combined Rongelap study are discussed
here. In all, six different laboratory comparisons were
made including ( I ) a five laboratory intercomparison
conducted by the NWRS of soil samples containing
60C0, ‘“;7CS,‘07Bi, 23’)+‘40PU, and 241Am; (2) soil pro-
files from Rongelap Island sampled independently by the
NWRS and LLNL; (3) split soil profile samples from
Rongelap Atoll; (4) surface soil samples (O–5 cm)
collected independently by the two laboratories from
within the ill .sil~f measurement grid; (5) split plant
samples; and (6) a comparison of exposure-rates and soil
inventory measurements between NWRS data (collected
199 1-1993) and an aerial survey conducted by EG&G
for the U.S. DOE in 1978. The results of these intercom-
parisons are summarized here.

1.

‘?-.

3. .

4

Three soil samples were submitted by the NWRS to
five laboratories, including its own and LLNL. The
1“7CS activity of the three samples covered a range
nearly 100 fold; the 23C)+‘40PU activity covered a
range of over 600 fold. Little variation among the
laboratories was noted from the analysis of three soil
samples; the average coefficients of variation among
the four laboratories reporting were 8.3% and 10.8~0
for 137CS and ‘“) +‘40PU, respectively.

Twelve pits were dug on Rongelap Island at roughly
equidistant intervals along the 6-km-long island. Soil
profiles were individually sampled by the two labo-
ratories from the pits with each using their own
sampling and analysis protocol. The topmost three
layers, each of 5 cm depth, were analyzed for 137CS
and compared. In general, the measurements of the
NWRS were 20% to 30% lower, with the difference in
sample preparation accounting for the differences.
The LLNL routinely analyzed the soil after removing
particles >2 mm in size whereas the NWRS included
such particles after crushing them to a uniform size
distribution and remixing the sample. Thus, the RMI
methodology which included the larger particles re-
sulted in some dilution of the sample relative to the
methodology of LLNL.
Another group of 77 samples was taken from profiles
collected from the entirety of Rongelap Atoll. Each
sample was mixed in the field and split for the two
laboratories. The NWRS analyzed the soil profiles
with and without the particles >2 mm in size. In the
topmost increment (O–5 cm depth), the median ratio
between the data from the two laboratories (NWRS/
LLNL) was 0.97 without the particles >2 mm.
Surface soil samples (O–5 cm) were obtained from the
itz sitlf measurement grid with each laboratory using
its own individual sampling protocol. In this compar-
ison, the median and mean ratio of the data (RMI/
LLNL) were 0.83 and 1.2, respectively. A higher
variability in this type of sample resulted becouse the
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5.

6.

soil was not mixed and split but collected by each lab
within the near vicinity of the it? ,Yirt~ gamma spec-
trometry measurement site.
Measurements of 137Cs in split plant samples were
also compared by the two laboratories. Thirty-one
plant samples including three P{l)ldtIrztf.sfruits, four
leaf samples of specified species, and twenty-four
coconut samples were included. The median ratio of
concentrations from the two laboratories (RMI/
LLNL) was 1.0; the minimum and maximum ratios
were 0.83 and 1.57, respectively.
Finally, a comparison was made between the soil
inven~ory and ~xposure-rate estimates reported by
EG&G from the 1978 aerial survey (Tipton and
Meibaum 198 I ) and those acquired by the NWRS
ground survey of Rongelap Island in 199 I-1993 that
used irz .sitl( gamma spectrometry. The two sets of data
were decay corrected to the s~me date, and ratios of
the data for identical locations were determined. The
median ratio (NWRS/LLNL) of exposure rates for
283 locations on 27 islands in Rongelap Atoll was

I .07.
There was excellent agreement between the NWRS and
LLNL intercalibration analyses as well as with the
EG&G external gamma aerial survey. Because of the
high level of agreement, the extensive LLNL database on
plant:soil concentration factors was used by one author
(SLS) in the dose assessment calculations. Moreover, as
o result of the comparison exercises, the credibility of the
extensive LLNL data was enhanced to the Rongelap
community.

STUDY FINDINGS AND DISCUSSION

Dose assessment
Multiple, semi-independent assessments that were

based on shared data but independent calculations were
eventually reported by three organizations (NWRS: Si-
mon 1994a: LLNL: Robison et al. 1994; NRC: 1994) and
one individual (Thorne 1994b). A summary of those
findings are presented here.

RRP. Independent dose calculations were reported
by Simon ( 1994a) and Thorne ( 1994b) on behalf of the
RRP. Findings for specified percentiles of the population
are presented for three diets in Table I: the observed
Mejatto diet ( 18% local food), the “Mejatto scaled
without rice” diet, ( 100Yc local food) and the “Mejatto
scaled with rice” diet (7570 local food).

The calculations of Simon ( 1994a) were based on
the empirical distribution of areal inventory values of
137CS and used probability y distributions for the plant: soil
transfer Factors for different plants. The calculations of
Thorne ( 1994b) were based on the ground contamination
data that were spatial averages of interpolated values
over a 500” m radius. The latter calculations also used a
single value of the plant:soil concentration ratio ( = 0.2).
As anticipated, the calculations by Thorne had a nar-
rower dispersion due to the use of the spatial averaged
data and a single plant:soil transfer factor. Conversely,
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Table 1. Percentiles of the calculated population distribution of potential annual effective dose (mSv y“” ‘ ) from ‘ 37CS

(external + internal) to male Rorrgelap residents in 1995 assuming three diet variations (Simon 1994a: Thorne 1994b),
For more detail, see Figs. 3 and 4.
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Annual effective dose (tnSt y ‘)

NWRS (Si[non 19941) Thorne ( 1994b)

Percentile Diet 1’ Diet 2b Diet 3’ Diet l‘1 Diet Ih Diet 3’

5 ().()89 ().4() (),32 (). 1x ().55 t).a
25 ~,zo ().86 ().67 ().2 I ().68 ().54
50 ().28 1.25 ().95 ().23 ().79 ().62
75 ().37 1.68 [,~z ().26 ().92 ().72
9s ().53 ‘2.8 1 I .74 ().3() 1.15 (),89

“ Observed Mejatto diet.
h 1()()Yc local food diet,
‘ 757< local foods. 25Yc rice

the calculations by Simon were broader due to the greater
dispersion of the measured ground contamination data
and to the inclusion of uncertainty in the plant:soil ratios
which were characterized by lognormal distributions.

The results of the Monte Carlo calculations for the
three diets are shown as the cumulative probability for
male members of the population having an annual
effective dose less than the abcissa value (Figs. 3 and 4).
This cumulative probability was interpreted to be equal
to the proportion of the population who might receive a
dose less than the abcissa value.

External exposure due to 60C0 and 24’ Am would
only increase the external dose component by about 1Yc.

‘)’)Srmay add a further 27. to the internal dose. Actinides,
due to their very limited uptake into the plants, contribute
only a few percent or less to internal dose. For example,
the amount of transuranic radioactivity in bone of de-

Cc,mpl,.nc< 1.,.1
1-

Annual eflicti,e-dose equlvalenc (mS. ) from ‘ ‘7CS

Fig. 3. Cumulative probability of predicted annual effective dose
(Simon I994a) from ‘‘7CS (external + internal) for adult men on
Rongelap Island in 1995. Probability is interpreted as the fraction
of the population not exceeding the abcissa dose value. Diet
models were ( 1) diet of 18% local food as observed on Mejatto
(Dignan 1994), (2) local food only diet (Franke 1994), and (3)
local food only diet including 25% caloric contribution from rice.
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Fig. 4. Cumulative probability of predicted effective dose (Thorne
1994b) from ‘‘7CS (external + internal) for adult men on
Rongelap Island in 1995, Probability is interpreted as the fraction

of the population not exceeding the abcissa dose value. Diet
models were ( I ) diet of 18% local food as observed on Mejatto
(Dignan 1994), (2) local food only diet (Franke 1994), and (3)
local food only diet including 25% caloric contribution from rice.

ceased former residents of Rongelap residents was deter-
mined following exhumation; a contribution of about
0.01 mSv y-i was estimated for those individuals
(Franke et al. 1995).

The relative dose to children was examined from the
perspective of differences in body mass and energy
intake. It can be demonstrated that the dose per unit
intake is higher for children aged 6-to-10-years than for
adults by a factor 1.4 to 1.5. The energy intake of adults
more than compensates such that under identical expo-
sure conditions the 137CS doses to small children are
typically 5490 of those to adult males and 7490 of the
adult female values.

The results indicate that, on the basis of ‘37CS
exposure alone, between 25Yc (Fig. 4, Diet 3) and 65%
(Fig. 3, Diet 3) of adult male members of the Rongelap
community might exceed the compliance limit of I mSv

Y -1 while living a traditional outer-island lifestyle and
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consuming a diet of only locally grown food. If rice is
included, between 57c (Fig. 4, Diet 2) and 45Yc (Fig. 3,
Diet 2) of adult males might exceed the compliance limit.
The internal dose dominates in all cases.

LLNL. The assessment findings by Robison et al.
( 1994) are summarized in Table 2. The estimated popu-
lation average annual effective dose when both local ~nd
imported foods are available is ().26 mSv y (. An
uncertainty analysis indicates that no individual would be
expected to exceed 1 mSv y– 1 at 9970 confidence. The
estimated 50-y integral dose’]”]’ is 8.2 mSv for this
scenario.

If only local foods are consumed, the average annual
effective dose to the population in the first year when the
environmental concentrations are greatest is estimated to
be ().85 mSv. About 137r of this estimated dose is from
external gamma exposure and 877c is from internal
exposure, most from 137CS ingested via intake of local
foods. An uncertainty analysis indicates that about 25%
of the population might receive a dose greater than I mSv

Y– 1 on high calorie local food only diet (Fig. 5, light
line). The 50-y integral effective dose for a local foods
only diet is 15 mSv.

For a case where only local foods tire consumed
(i.e., no imported foods) and the island is treated with
potassium, the average annual effective dose to the
population is estimated to be ().18 mSv. An uncertainty
analysis indicates no person would be expected to have
an annual dose above I mSv at 99Yc confidence. The
50-y integral dose for the local foods only diet plus
potassium treatment of the soil is 5.1 nlSv.

A dose assessment for children was based on dietary
data for children of various ages obtained through the
Bikini Atoll Rehabilitation Committee and originating
from Peace Corps volunteers in the Marshall Islands.
Those calculations indicated that due to differences in
dietary intake, the children’s doses were generally less
than that of adults (Robison and Phillips 1989). Conse-
quently, the estimated doses for adults living on the atolls
are conservative estimates of dose for intake beginning it
any other age.

NRC. The assessment findings presented by NRC
were summarized by estimated average doses for six
different diet variations (see NRC 1994. Table 5-4).
Three of the variations were specifically applicable to the
MOU: ( 1) a local food only diet with an energy intake
equal to the MLSC diet with imported food; (2) a coconut
collectors diet; and (3) same as variation ( 1) above except
including treatment of the soil with KCI. Based on the
information available to the NRC committee, it was
estimated that a sizable fraction of the persons on a
purely native diet, or any other diet that includes a large
intake of coconuts, could exceed the 1 mSv annual

‘1~1Integral ~c)seis [he ;Ic[uil dust received during the period of

in[egratiun as a result of all inttikes. A 50-y period [~t’intcgr~lti~mis
used because Ihe assessment ;ipplics to members 01the population”who
w{~uldbe tidults tit the time {~t’resettlement.
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Fig. 5. Cumulative t’r:ictit)n 01 populuti[)n not exceeding eflective

[ottil dose (i.e., 011 rudi(muclides turd pathways tis discussed in text:
Robison et al. 1994) shown nn tibcissa. Culcul;lticnrs ct)nsider
inter-individual variability ;Ind :Lrebased either {m MLSC imp(Jrts-
:~v~til:iblediet (bold line) or ;I Ioc:ll t’()()dsonly diet model (light
curve) wi(h twice the caloric intake 01 Table 20 in Robison” et JI.
(1994).

effective dose above background as specified in the
MOU. Using a scenario approach, the committee esti-
mated that the average individual consuming a local-
foods-only diet could receive an annual whole-body dose
of ().92 to 1.06 mSv y 1 (92 to 106 mrem y 1),
depending on the choice of diet. Their Executive Sum-
mary concluded: “Based on the available information. . .
the committee estimates that a sizable fraction of the
persons on a purely native diet, or any other diet that
includes a large intake of coconuts. could exceed the I()()
mrem, above normal background, annual dose equivalent
limit specified in the MOU.” The proportion of the
population that might exceed the tigreed limit was not
determined; however, the assumption that a significant
proportion of the population would exceed the average
member in terms of intake-rate and consequent dose is
reasonable. Table 3 provides detail on the NRC commit-
tee’s findings.

Compliance with the screening level for transuranic
radionuclide concentrations in soil

The determination of compliance with any environ-
mental standard for radionuclide concentration in soil, as
determined by soil sampling, is a difficult process; the
success or failure of determination of compliance is
dependent on the sampling methodology, statistical
methodology, and the level of statistical significance
considered appropriate. The MOU, however, did not
include any details regarding the ground area ( 1 ha, ().5
ha. etc. ) over which the transuranic radionuclide concen-
tr~tion should be aver~ged for comparison with the
selected guideline or the level of sampling required
within such an area. Thus, a simplistic methodology was
adopted by both groups in which the island was sampled
to a degree determined by budgetary constraints. Indi-
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Table 2. Deterministic estimates of the population average annual effective dose and the 50-y integral effective dose for

the LLNL diet models when imported foods are available and when only local foods are consumed. Diet models are
applied to both the current island conditions and after treatment of the island with potassium. (See Fig, 5 for results of
LLNL uncertain y analysis. )

I45

Average annual effective dose (mSv y ‘ ) Integral effective dose over 50 y (mSv)

Local plus Local fo{>d only Local plus Local f[)ods only

impc~rted food Lc~cal fo{~d only with soil K imported foods Local fc~odonly with soil K

(3,802 kcal d ‘) (2,784 kcal d ‘) treat ment (3,802 kcal d ‘) (2,784 kcal d ‘) treatment

External
Ingestion

‘ ‘7CS
“(’Sr
2’<’ + “’)Pu
“’Am

Ingestion (subtotal)
Inhalation

‘ ‘<’ + ‘4(’PU
24’Am

Inhalation (subtotal)
TOTAL

(). 11

nka
nla

-0.0016 -
f),~6

().11 ().1 I 3.3

4.5
0.[3
0.033
0.033

0.74 ().()7 8.0

0,070
0.045

-0.0016 (),()() I 6 0.115
0.85 (), I 8 8.2

3.3

11.0
0.4
0.13
0.06

11.6

(),070
0.045
0.1[5
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3.3

1.1
0.4
0.13
0.06
1.7

0.070
0.045
0.115
5.1

vidual samples or general areas of the island were
compared against the compliance limit. The determina-
tion of soil transuranic contamination## as written in the
MOU was viewed by all parties as secondary in impor-
tance to the primary determination of dose to individual
community members. Only two of the four groups
reporting dose assessments involved laboratory programs
(NWRS and LLNL); a summary of their findings on
transuranic radionuclide contamination in soil follows.

Surface soil samples were collected by the NWRS
and LLNL according to their individual protocols. Sur-
face soil samples were collected by the NWRS at each in
sit~f gamma spectrometry measurement site. Each sample
was a composite of three 15 X 15 X 5 cm deep samples,
collected at random within a radius of approximately
15 m of the gamma spectrometer. The samples were
obtained from the 63 sites on the 200-m grid, plus 100
additional sites at 40-m spacing within the four grid cells
selected for more detailed study. In total, 170 surface soil
samples on Rongelap Island, 5 on Burok Island***
(Burokku), 10 on Keroka Island (Tufa), 4 on Enekan im
Batbien Island (Eniran), 5 on Litoteka Island (Busch),
and 19 on Eneaetok Island (Eniaetok) were analyzed by
the NWRS for 23’)+240PU and 2A1Am.

The median concentration of total transuranic radio-
activity was 200 Bq kg– 1 on Rongelap Island although
samples ranged from 17 Bq kg– ] to 836 Bq kg– 1. The
proportion of samples exceeding the transuranic radio-
nuclide screening level of 629 Bq kg-t varied according
to island. Only 1.270 of the total surface soil samples

*#Total transuranic activity was defined to the sum of 24’ Am and
~.]~)+z~{JPu.Because the environmental concentrations of ‘38Pu at
Rongeiap were near the litnit of detectability by alpha spectrometry,
determination of compliance was not substantially affected by ignor-
ing the radionuclide,

*** Consider~ble variation of the spelling of Marshallese names
exist. The mtmes used on Figure 1 and in this section are accepted
Rongelapese nmnes. Names in parentheses are also commonly used;
their spellings date from pre-WWII Japanese navigation charts.

collected by the NWRS from Rongelap Island exceeded
the guideline (Simon 1994b). Other islands exceeded the
guideline to a greater degree: 20% for Burok, 10% for
Keroka, and 217. for Eneaetok. The possible error of the
percentage exceeding the guideline is greater for those
islands with few samples. The higher contamination level
on Eneaetok was expected because of its closer proxim-
ity to the northern side of Rongelap Atoll where contam-
ination is known to be significantly greater.

Surface soil samples 20 cm X 20 cm X 5 cm deep
were collected by LLNL on a 100-m grid across the
entire island. The O–5 cm increment was taken as one of
6 increments of a 60-cm-deep soil profile. In addition,
soil samples were collected at other sites over the island
associated with various experiments. An extensive sam-
pling of surface soils was also carried out in the housing
and village area of the island. These samples were
collected around and between houses and community
buildings and in the ball field area, etc., rather than on a
uniform grid pattern. Uniform sample collection in these
areas was generally prevented by various small build-
ings, pig pens, and bedrock emerging at the surface.
Consequently, the samples were taken in the area where
surface soil was previously available for contact by the
residing population.

The LLNL data indicated that the concentrations of
239+240PU and 24t Am in soil in the housing and village
area are, on average, about 157o of the concentration
found in soil in the interior of the island. Consequently,
in the housing and village area where people spend most
of their time, the combined activity concentration of
239+240Pu and 24tAm from the 77 samples analyzed
never exceeded the MOU guideline of 629 Bq kg-”’.
About 170 samples distributed over the rest of the island
have been analyzed for both 23’’+240PU and 24tAm, and
less than 5% exceeded the MOU screening level.

Inhalation is the major exposure pathway for the
transuranic radionuclides. To realistically assess the an-
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Table 3. Calcultited population aver:lge annutil effective dose (mSv y ‘ ) in 1995 to Rongelap residents :Is determined
by NRC commit(ee (summary of Ttibles 3- I and 5-4, see NRC 1994),

Local lood”
only diet

(w/tldj usteal
Cocunut

Ujelang loc:tl ancl
Clilt)ric inl:lkc)

Ujelang Ioclll Local t’ood diet collcctori’ t’(~llotving KCI
iInporred c1iel food diet ciilurics acijusted diet soil treatment

Energy intoke (kcal d ‘ ) ~,~()~ I .392 ~,~ox 2,018 ~,~on

Annual et’fectikc d(~sc (nlSv y ‘) fronl:
‘ ‘7c\ (). 16 ().4() ().1)2 (),78 ().17
Othcr radiunuc]ides (),13 (). 14 (). 14 (). I 4 (),14

Tmol ~lnnual dose ( ITISV y ‘ )“ (),2() (),54 1.06 ().92 ().3 I

“ ToIal duse is sun) nt’ cxtcrnu], ingci(ic)n and inhulution,

nual dose from transuranics, the concentration of
~~’~+~~npu and ‘~ IAm in the surFace soil should be

averaged over an area relevant to the various activities in
which persons are engaged during the course of a year.
The source of material resuspended and available for
inhalation during a variety of activities is derived from an
area on the order of 0.5 to 1.0 hectare (Shinn and
Gouveia 1992). When the 23’)‘240PU plus 241Am activity
concentration is averaged over data points contained in
areas of 0.5 to 1.0 hectare, no area at Rongelap Islitnd
exceeds the 629 Bq kg-1 MOU screening guideline.

Interpretation
The annual effective dose to the population of 0.18

mSv, calculated by LLNL when only local foods are
consumed and the island is treated with potasium, can be
compared with the Marshall Island background dose of
2.4 mSv (Noshkin and Robison 1994). Under this con-
dition the combined natural background dose and dose
from regional fallout is 2.6 mSv, which is comparable to
the world wide average background dose of 2.4 mSv y-1
(UNSCEAR 1988) and is less than the U.S. average
background dose of 3.0 mSv (NCRP 1987). Similarly,
the 50-y integral effective dose after potasium treatment
is 5.1 mSv. It is clear that treatment with potasium
reduces the doses to very low levels. Consequently, any
remedial action of Rongelap Island beyond the treatment
with potasium would appear unwarranted.

Although a small percentage of surface soil samples
exceeded the transuranic concentr~tion guideline, this
situation was not viewed as a serious impediment to
resettlement. The philosophy of the original EPA ( 1990)
guideline was not as an absolute standard to indicate the
necessity of mitigation: “Such a screening level is not
intended to be interpreted as a derived intervention level
or as a soil cleanup standard to which all sites of
transuranic contamination must be decontaminated: in-
stead, when properly applied, it would identify land areas
where no additional monitoring is required. . . “ (EPA
1990).

The MOU recognized the possibility that measure-
ments in excess of the guideline might be encountered.
Article 11, Section 4(b) and 4(c) of the MOU noted: “If. . .
it is determined that soil concentrations exceed the

prescribe action limit, then recommendations as to the
need for remedial activity and/or clean-up shall be
included as part of the report pursuant to the Rongclap
Work Plan. ., To the extent that transurtirric contamina-
tion exists in excess of the ‘action limit’ but is litnited in
nature, controllable, and does not impact designated
dwelling, food gathering, food growing, and/or recre-
ational areas, then resettlement may ensue while mitiga-
tive measures are considered and/or undertaken.” How-
ever, any mitigation should be reviewed in the context of
the dose that is received by the population from the
transuranic radionuclides in the soil. These doses are
very low and expenditure of resources to reduce an
extremely low dose would seem unwarranted.

The 50-y inte ral effective dose estimate from
exposure to F~~’)+‘~ Pu and 2J1Am via ingestion and
inhalation is listed in Table 2 and totals 0.18 mSv. This
is compared to a 50-y integral dose estimate of 8.2 mSv
for all r~dionuclides, Consequently, ‘3<’‘ ‘J(]Pu and
‘4(Am from both ingestion and inhalation exposure
pathways contribute less than 2% of the estimated dose
over 50 y. The plutonium dose estimates based on
environmental data and models are consistent with those
calculated by Brookhaven National Laboratory (BNL)
from direct measurements of plutonium in urine 01 the
Rongelap people. For example, the population average
effective dose equivalent to age 70 y (also a 50-y integral
dose) was about ().2 mSv for data frotn 198 I through
199 I (Sun et al. 1995).

The average annual dose from plutonium and amer-
icium calculated from the LLNL 50-y integral dose is
about 0.004 mSv y t: the dose would be lower in early
years and higher in the last several years. This simple
analysis can be used for comparison with results from
autopsy bone sample analyses for ‘~<’‘ ~~OPu from
Ronge]ap residents. The bone samples were acquired
from deceased former residents who resided on Rongclap
most of their life since 1954 and some who grew up there
as children. The results showed no difference in the
concentration of ’39 {‘J()Pu in bone of the Rorrgelap
group compared with ‘{’)+‘4[)Pu concentration in bone
samples from European residents (Franke et al. 1995).
The estimated effective dose equivalent was stated to be
less than (),01 mSv y 1, a value consistent with the



calculated average annual dose of ().0()4 mSv y 1 as
discussed above. For perspective, these numbers can be
compared with the average annual background dose in
the Marsh~ll Islands of 2.4 mSv y- 1.

Recommendations
Recommendations from the various research and

advisory groups were oriented towards minimizing ~u-

ture radiation exposure and the subsequent risk following
resettlement of Rongelap Island in the near future. The
various groups were also mindful of preventing further
damage to the environment, which could result from
some types of relmedial actions. The primary recommen-
dations were designed to mitigate radiation dose from
ingestion via the food chain, to reduce the availability of
transuranic radioactivity, particularly to children, and to
take actions to ensure that the Rongelap community
remained comfortable with the tissessed safety of their
islands. A summary of possible remedial actions and
some recollllllerld~~tions” th~t were issued are presented
here.

LLNL. Recommendations in Robison et al. ( 1994)
for mitigative actions at Rongelap Atoll were the same os
those mode previously to the Enewetak people (Robison
et al. 1980) and to the Bikini people over the last 1() y.
They list five possible octions that could result in
significant dose reductions to future settlers of Rongelap.
These actions included removing 30 cm of surface soil
from the village area for I() to 15 m around each housing
site to minimize external gamma (‘ ‘7CS), alpha
~?l) +240Pu and ‘~] Am), and beta exposure (<)(’Sr, 1~7Cs);
placing a I()-cm layer of crushed coral at-ound each house
in a 5- to lo-m radius, which would result in a small
reduction in external gamma exposure and a small
reduction in internal exposure from reduction in plutc~-
nium and americium intake via soil: treating the entire
agricultur~l area of the island with potassium chloride
(KC]) to reduce 1“{7CSuptake into plants; providing water
catchment systems so that during dry periods the use of
contaminated ground water would be avoided: and exca-
vation of the top 30 to 40 cm of soil over the whole
island, which is very effective in removing the radionu-
clidcs but carries a heavy environmenttil impact.

NRC. Several possible remedial actions were dis-
cussed by NRC ( 1994) although they noted that their
recommendations were not only provided to meet the
MOU action level, but also to increase the physical and
psychological well being of the Rongelap people. Al-
though an evaluation of the northern islands of Rongelap
or those of Rongerik were not within the charge of the
NRC group, their first recommendation was to restrict
food gathering from those islands such that a local food
diet would be limited to food collected from Rongelap
Island and the other southern islands of Ronge]ap Atoll.
Second. NRC recommended restrictions on (he consump-
tion of some local foods; this could be more easily
accomplished by maintaining a modest supplementary
(imported ) food progr:un. Third, NRC agreed with the

suggestion of Robison et al. ( 1994) to remove the top soil
layer around the homes and to add a layer of crushed
coral in the village tires. Fourth, the application of KCI
was recommended as it had been demonstrated to be
effective in suppressing uptake of ‘37CS by Robison and
Stone ( 1992). Fintilly, the option of removing the top
30-40” cm of soil from throughout the island was not
advised because it would cause excessive damage to the
environment and ecology of the island.

NRC additionally recommended an annual whole-
body counting program, establishing pre- and post-
resettlement measurements of plutonium in urine, estab-
lishing a central repository for medical and dosimetry
records, and continuing a program of medical surveil-
lance.

RRP. The findings of the RRP assessments (i.e.,
Simon 1994a; Thorne 1994b) were summarized by
Baverstock et uI. ( 1994). Although the assessment cal-
culations indicated that the terms and conditions of the
MOU regarding dose-rdte and soil concentration of
actinides were out of compliance on Rongelap Island and
the neighboring islands, it was noted th~t compliance
could be met by relatively simple remedial actions.
Among the vurious options available to mitigate dose. the
research team of the RRP advocated ( 1) measures to
reduce the level of cesium in the local food diet including
support to eliminate the need to gather food from the
more contaminated islands in the atoll, (2) measures to
reduce the availability of actinides for incorporation into
the body, and (3) measures to ensure that the Rongelap
community was comfortable with the determinations of
safety of their islands as a future home. As stated
(Baverstock et al. 1994), “The need to offset the loss of
well-being incurred by past uncertainties concerning the
radiological status of their honlelunds should be given a
high priority when exploring with the Rongelap commu-
nity solutions to redress the radiological status of their
islands. ”

fn p:trticular, emphasis was given to the usefulness
of reducing the internal component of radiation dose by
treating food-growing areas with potassium fertilizer.
Recommendations included measures to ensure adequate
water and food supplies on Rongelap Island that would
diminish the need to visit and collect from the more
contaminated islands of the north part of the atoll.
Programs could be implemented for ground or ocean
water purification and for ensuring the capability to
refrigerate and store protein foods. The consumption of
imported foods was noted to further reduce doses.

Rongelap Island soil exceeded the soil contamina-
tion limit only slightly, though the other southern islands
were much further from compliant. Accordingly, the use
of radiologically clean coral to provide actinide free
surfi~ces around houses and in community areas was
endorsed to reduce the possibility of intakes by young
children who might ingest soil. Finally, the scientific
management team stated that public concern for health
detriment, real or imagined. is in itself a health detriment
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when health is viewed in its widest sense—that is,
including loss of well-being. Thus, measures that reduce
the likelihood that community members would exceed
the compliance limit would serve to minimize the detri-
ment caused by undue concern for their health.

SUMMARY AND CONCLUSIONS

The Rongelap people were unique among Marshall-
ese in that they were highly exposed to external and
internal radiation from weapons testing Pallout. The
responsibility accepted by the research groups in this
study was to prevent additional future exposure that
could possibly ‘add to their cumulative risk. The impor-
tance of ensuring low exposures during the coming years
was underscored by the possible consequences of failing
to determine the appropriate risks.

Although variations in diet models and other param-
eters were promoted by different groups. all groups
agreed that, under the conditions of the MOU, it was
l~ely that a significant proportion of the population
(25% or more) might exceed the agreed upon dose limit.
Recommendations to diminish dose to individuals result-
ing from ingestion of 137CS in locally grown foods were
universally supported. Similarly, programs to minimize
potential ingestion of 137Cs, ‘)OSr, and transuranic radio-
huclides w~re su~Dorted with the caveat that environ-

,1

mental destruction (e.g., complete soil removal) was not
warranted to avert the small doses from transuranics that
may be on the order of 10 KSV y– 1. All groups also
accepted the Fdct that most returning Rongelapese will
not choose to exist on a local food only diet; thus, the
future doses will likely be significantly less than those
based on a diet of only locally grown foods.

The strength of the study described here was based
on several principles: ( 1) cooperation between study
groups and sharing of data as useful or necessary; (2)
thorough and continual external peer review; (3) use of
multiple. independent assessments; and (4) participation
by Rongelap community members.

The process of community participation was one of
the most important elements of the combined projects
because of its positive impact within the community
toward accepting the scientific findings. Community
participation ‘included attending scientific and adminis-
trative meetings, assisting in collection of environmental
samples, receiving training and taking responsibility for
routine samDle analvsis in the Iaboratorv of the NWRS.. ,
and attending a series of presentations by RRP scientists,
representatives of the U.S. Government and the NRC
advisory group.

It often occurs that assessments of potential or real
radiation exposure of the public suffer from a lack of
public credibility because of the perceived interests of
the sDonsor of the invcsti~ation. Involvement of the
com~unity can serve to alleviate this problem. Although
the layman cannot easily participate in the calculation of
radiation dose or statistical risk, it was shown in this
study that members of the community can participate in
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sample and data gathering, laboratory analysis, and that
financial resources to allow community members to
attend and observe scientific planning and review meet-
ings can enhance the level of trust between the public and
the investigators.

The process of conducting and comparing multiple,
independent dose assessments was also a unique aspect
of the study. Although data were readily shared between
the research groups, conducting independent assessments
best served the Rongelap community by providing a
means under which consensus could be demonstrated
among scientists with different institutional affiliations.

The most important facet of these combined studies
was that the objectives of the investigations and the
process of conducting the assessments were all directed
to determining the potential safety of resettl ing Rongelap
Island. This overall goal was of the greatest importance
to the people of Rongelap and was fulfilled by a program
that involved not only thorough investigations but also
multiple levels of independent review and extensive
cooperation among research groups. The primary out-
come was that the resettlement of Rongelap Island was
viewed as a viable and safe option. Radiation risk should
not prevent resettlement to those who desire to return to
the island. The safety of the population can be ensured
even further by implementing the recommendations dis-
cussed herein.

A[k/l,,}\/c,~/,y~~i(,rtr,s-The U.S. [lcp~tr[tnent 01 Interior. OtTicc (~t Territ(~ritil
tmd Inttrn:lti(mitl All:lirs (D(JI-OTIA ) prnvidcd funding t[~ [he Rnngclap
AIoII L[~c:Il Guvernmcn( t’nr the R{mgel~p Resettlement Prtlject. A. P.
Stayman ~nd J. McDermott nf the DOI-OTIA were imp[~rtant tu the
de~eh)pment and cmrtinuity {)f DC)] funding. Funding fur the RRP w~s
m:tde possible by the Hnuse Committee m] Appr(~pri~li{m\, Htm(~rahlc
Sidney Yates. Ch:lirmun. Numcrt)us membcr~ nf the R(mgelap communit)
assisted in (he odrninistr:itinn of the prujcct ~ind c(mduct (JI the rieldw[~rk,
liih(~mtory s~mlple tmolysis, c(lllecli(m of dietary dtit~i :md c[)(lll]lurlic:ili[)ll
with the cummuni~y. These included B. Edm(md (M~ycJr). J. Ma{ayoihi. A.
Anjfiin, R. Thnmas. E. Timfl, N. An(fik (deccaied) and uthers. StiIfT of the
NWRS invc)lved in smnple c{)llectinn and ~midysis included J. C. Gmht!m.

A. Barr(m. S. DutTy. S. Como.” A. B(~rchert, R. Thom;is. A. J[)rrti~, T.
Schmidt, D. Dem~m~lrig. A. N(ltih, R. Ohwilcr, R. L;m-{me :md others. P. 0.
Olik,er assisted in RMI g{)vermnent[ll Iitiis(>n. The World Health Org:m-
zatiun, Centrc t’t~rEnl ir(~nrnen[ :md Heitllh (Rmne) kindly suppt)rtcd the
inl (dvement 01 K. F. Btiverst(>ch. The rc~icw ~md tissesimen( h} (hc
Nti[inna] Rcsc~rch Council wiis funded hy Gront Nn. DE-F(;05-
92EHX() I sx hetwccn the N~tti(~milRc~carch Ct)uncil und the Dep;ir[mcnt {)i’

Energy, OtTice ni’ Environment. Safety ;ind Hctilth, Int’nrmlilinn Ior thii
rcpuri was pruvided hy the Marihull Islands Ntiti(mwidc R:idiological”
Study, the L:lwl-ence Livcrmm’e Niitit~nal L:~hc~rul(~ry.the U.S. Department
uI’ Energy ~md the N:iti~)ntll Reseklrch Council. Sel eml st:iff pers(ms :It the
Deportment of Energy, including R. T, Bell, N. Bilrri, C, R. J(mes tind W.
D. Jacksnrr pr{~Iidcd imp(lrtlnt support. The (ledicutiun {)t’ two individu:lls
made this recvalu~lti(m nl R(mgcl~~pa reality: [he late Henry J. Kohn. M.D.
and ~hc Iatc Jeton Anjitin. Seniltor (1I Rcmgelop. Annnymuus Irct’crces
prnvidcd mtiny impc)rt[ln[ suggc\{icmi to improve [he qu:dity ul’ the
manuscript. Rit~I Escher prn~ ided cdit(~ri:il c(lmments nn ;) clmi’t ~11’thii
m:mu\cript.
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AEC: U.S. Atomic Energy Commission;
BNL: Brookhaven National Laboratory;
BMRC,,: estimated basal metabolic rate (kcal
d-.,

);
DNA: Defense Nuclear Agency;
DOE: U.S. Department of Energy;
DOE/ES&H: Environment, Safety and Health

Division of the U.S. Department of Energy;
DOI: U.S. Department of the Interior;
El: energy intake (kcal d- ‘):
EPA: U.S. Environmental Protection Agency;
HPGe: high purity germaniutn (detectors);
IAEA: International Atomic Energy Agency;
ICRP: International Commission on Radiation
Protection;
LLNL: Lawrence Livermore National Labora-
tory;
MLSC: Micronesia Legal Services Commission;
MOU: Menlor~ndun~ of Understanding;
NaI: Sodium iodide (detectors);
NMIRS: Northern Marshall Islands Radiological
Survey (sponsored by the U.S. DOE);
NRC: National Research Council;
NWRS: Nationwide Radiological Study (spon-
sored by the Republic of the Marshall Islands);
pdf probability density function;
RALGOV: Rongelap Local Government;
RMI: Republic of the Marshall Islands;
RRP: Rongelap Resettlement Project;
USDA: U.S. Department of Agriculture.
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THE USE OF COMPARATIVE 137CSBODY BURDEN ESTIMATES

FROM ENVIRONMENTAL DATA/MODELS AND WHOLE BODY

COUNTING TO EVALUATE DIET MODELS FOR THE
INGESTION PATHWAY

William L. Robison* and Casper Sun+

Abstract—Rongelap and Utirik Atolls were contaminated on 1
March 1954, by a U.S. nuclear test at Bikini Atoll code named
BRAVO. The people at both atolls were removed from their
atolls in the first few days after the detonation and were
returned to their atolls at different times. Detailed studies have
been carried out over the years by Lawrence Livermore
National Laboratory (LLNL) to determine the radiological
conditions at the atolls and estimate the doses to the popula-
tions. The contribution of each exposure pathway and radio-
nuclide have been evaluated. All dose assessments show that
the major potential contribution to the estimated dose is ‘37CS
uptake via the terrestrial food chain. Brookhaven National
Laboratory (BNL) has carried out an extensive whole body
counting program at both atolls over several years to directly
measure the ‘37CS body burden. Here we compare the esti-
mates of the body burdens from the LLNL environmental
method with body burdens measured by the BNL whole body
counting method. The combination of the results from both
methods is used to evaluate proposed diet models to establish
more realistic dose assessments. Very good agreement is
achieved between the two methods with a diet model that
includes both local and imported foods. Other diet models
greatly overestimate the body burdens (i.e., dose) observed by
whole body counting. The upper 95% confidence limit of
interindividual variability around the population mean value
based on the environmental method is similar to that calcu-
lated from direct measurement by whole body counting.
Moreover, the uncertainty in the population mean value based
on the environmental method is in very good agreement with
the whole body counting data. This provides additional confi-
dence in extrapolating the estimated doses calculated by the
environmental method to other islands and atolls.
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INTRODUCTION

RONGELAP ANO Utirik Atolls were contaminated on 1
March 1954, by a U.S. nuclear test at Bikini Atoll code
named BRAVO. The location of the atolls in the Mar-
shall Islands is shown in Fig. 1. A photo montage of each
atoll is shown in Figs. 2 and 3. The people living on
Rongelap at the time of the BRAVO test were removed
from the atoll by the U.S. military about 48 h after the
start of the fallout. The Rongelap community was re-
turned to their atoll in June of 1957. and the people
resided on Rongelap until May 1985 when they decided
to move to an island in the northern part of Kwajalein
Atoll. Resettlement plans for Rongelap Island are cur-
rently being developed, and are ~sed in large part on
dose estimates to the returning population that are based
on measured radionuclidc concentrations in the soil and
vegetation on the island, and dose models that include
estimates of intake of locally grown foods (Robison et al.
1994). The Utirik people were also relocated in the first
few days after the BRAVO test, and they were returned
to their atoll about 3 mo later and continue to reside there
today. Their resettlement occurred more rapidly because
the dose at Utirik was much lower than at Rongelap.

The exposure pathways at the contaminated atolls
are external gamma, inhalation, and ingestion. The po-
tential uptake through a wound is so minor that it is not
included. The ingestion pathway includes intake of
terrestrial foods, marine foods, and cistern and ground-
water. Extensive work has been done since the mid
1970’s by LLNL to document the radiological conditions
at Bikini, Enewetak, Rongelap and Utirik Atolls to
provide dose assessments for alternate living patterns for
people wishing to resettle their islands. Detailed studies
have been carried out to evaluate the contribution of each
exposure pathway. These studies show that the radionu-
clides remaining today that contribute in an
way to the estimated dose are 137CS ‘)OSr,

,,~+;~{nificant
Pu, and

24’Am.
All the dose assessments for the various atolls show

that the major potential contribution to the estimated
dose is 137CS uptake into terrestrial foods, and the
subsequent consumption of these foods by the people.

f%m the journal- Health Phys Yr!s [~i.th

from the Health Physics Sot;.ety
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Fig. 3. A :raphic nlontage (lt Utirik Att~ll sht]wing the I<)c:ltit)nof Utirik Islund which is [he nlain rcsidenc

I-37Cs in the terrestrial food chain accounts for tibt)ut go%

of the dose at the atolls (Robison et al. 1997).
The Brookhaven National Laboratory (BNL) be-

tween 1970 and 1984, has performed man,,~ whole body
counting field missions to monitor the Cs body bur-
dens of the Rongelap and Utirik people while they were
living on their respective islands (Greenhouse et al. 1977;
Miltenberger et al. 1981; Lessard et al. 1980a, 1984).
These whole-body count data provide a direct measure of
the 137CS body burdens for comparison with predicted
body burdens based on the environmental data and
models. BNL’s progr~m also included whole body mea-
surements of the Bikini people who resettled Bikini
between 1970 and 1978, and the Enewetak community
after their return to the southern half of Enewetak Atoll
in 1980 (Lessard et al. 1980b; Miltenberger et al. 1980;
Greenhouse et uI. 1980).

Before 1985, the Rongelap population lived prinltir-
ily on Rongelap Island, which is a narrow island about
120 ha in size (Fig. 4), and consumed local foods from

the island. Some coconut and f(~)?(l([}ttf.s were collected
from Arbar Island next to Rongelap Island, and some
people lived on Arbar for extended periods of time;
however, this does not change the dose estimates because
the radionuclide concentration in the soil and vegetation
are the same as on Rongelap Island (Robison and
Cortrado 1996). The relatively small island area, well
defined by bordering ocean and lagoon, makes it possible
to thoroughly determine the radionuclide concentration
in local food crops and the associated ranges and distri-
butions. [t was also possible to access the adult popula-
tion so that mtiny adults were analyzed by BNL by whole
body 1]7CS measurements over a period of several years.
The situation at Utirik Atoll is very similar, although the
mtiin residence isltind is somewhat smaller (Fig. 5).

Another important feature of both Rongelap and
Utirik is that the populations resided on their islands
continually (with, of course, occasional trips off-island)
from 1957 through May of 1985 for Rongelap, and June
of 1954 to the present day for Utirik, so that a steady state
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The average annual body burden est imated from the
environmental data and models (hereafter referred to as
the “environmental method”) are based on the measured
concentrations of radionuclides in foods (Robison et al.
1994, 1997), the average dietary intake of the various
local foods (Robison et al. 1994, 1997), and the 137CS
dose model (Leggett 1986; ICRP 1979. 1990, 199 I ).
BNL whole body measurements of the adult population
were made annually (occasionally biannually). and at
different times of the year so that over a period of time
any seasonal dependence would be averaged out. More-
over, some variations would be expected in the BNL
average population body burden from year to year
because the same people at each atoll were not always
measured every year; each year the population group
analyzed was essentially a random sample dictated by
who volunteered to be measured on a given trip.

The dietary intake of local foods is a very important
part of the LLNL environmental method used to generate
the estimtited body burdens and dose. Unfortunately, the
exact dietary intake of local foods often is not we] I
known. When it is not well known, various diet models
arc proposed, and sometimes insisted upon, by people,
groups, or government agencies that lead to radionuclide
intakes that can range over an order of magnitude.

In this paper we compare the estimates of the body
burdens at Rongelap and Utirik Atolls from the LLNL
environmental method with the body burdens measured
by the BNL whole body counting method. The data base
for the radionuclide concentrations in Ioctil foods is very
extensive (Robison et al. 1994); also. the biokinetic
model for 137CS uptake, tr~nsport, and distribution in the
human body is well documented (Leg.gctt 1986; ICRP
1979, 1990). Consequently, we can. in conjunction with
the whole body measurements, demonstrdtc the useful-
ness of the environmental method to help define realistic
dietary intakes of locally contaminated food at the
northern atolls of the Republic of the Marshall Isltinds
that are crucial to realistic dose assessments.

METHODS

Environmental data and dietary models
Samples of soil, vegetation (food crops and natural

species), marine species, animals, fowl, and ground and
cistern water were collected at the atolls, frozen aboard
ship, and returned to LLNL for processing. Each indi-
vidual sample was double bagged and sealed to prevent
any contamination from other samples. Water samples
were collected in individual 5- or 15-gallon containers
for shipment to the laboratory.

Vegetation, food crops, animal, fish and other ma-
rine species, and fowl samples were freeze dried upon
return to the laboratory and subsequently ground to
uniform consistency and packed in steel tuna cans 8 cm
in diameter and 4.0 cm in depth for gamma spectroscopy.
Additional aliquots of the sample were sometimes sent
for radiochernistry analysis of “OSr, ‘s”’ ‘qoPu, and
‘J] Am. Some samples were ashed prior to chemical
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Fig. 5. An aerial photograph of Utirik Island with soil, vegetation, and gamma spectrometry sampling
superimposed.

separation in preparation for wet chemistry analysis
(Wong et al. 1994). The LLNL radiochemistry facility
has a multitude of analytical equipment that includes
alpha spectrometers with surface barrier detectors for

‘~’)+z40Pu, ‘3XPU, and ‘4] Am, and beta spec-analyzing ‘-
trometers for ‘)OSr analysis. A summary of our radio-
chemistry procedures for processing samples, separating
radionuclides, and analyzing for several radionuclides
and elements is available in a recently updated report
(Wong et al. 1994).

Soil samples were oven dried to constant weight,
ball milled to a fine talcum powder consistency and
canned for gamma spectroscopy in the same geometry as
the vegetation samples. Again, aliquots were sometimes
sent for radiochemistry analysis. Sample processing of
soil for wet chemistry radionuclide analysis is described
in Wong et al. (1994).

The LLNL gamma-spectroscopy facility consists of
22 high-resolution, solid-state gamma detectors with
associated electronics. Details of the tiacility design,
internal calibration procedures, and general operation can
be found in recent updated reports (Brunk 1995a, b).

Both the gamma-spectroscopy and radiochemistry
facilities have their own “internal” quality control pro-
cedures (Wong et al. 1994; Brunk 1995a, 1995b) and an
extensive “external” quality control program that has
been in place for years. Standard and duplicate samples
that are blind to the analysts are submitted with each
group of 50 samples submitted to either our own facili-
ties or an outside contractor. The LLNL acceptance
protocols are as follows: ( I ) the standard samples must
be within 1070 of the known value or the entire set of
samples is rejected and must be reanalyzed; and (2) the
duplicate samples must also be within 1070 of each other
for most samples; the error allowed does increase as the
total activity in the samples decreases, especially for
2“[)t 24’)Pu and ‘41Am analyses (Kehl et al. 1995).

Additional quality assurance is provided through
multiple intercalibration exercises every year with the
International Atomic Energy Agency (IAEA), National
Institute on Standards and Technology (NIST), and other
organizations. The IAEA intercalibration exercises cross_

calibrate the LLNL analytical results with other partici-
pating laboratories around the world. Another important
part of our quality control program is the use of “split
samples” with other laboratories. For example, in many
cases the soil and vegetation samples are collected by
LLNL and other participants, split in the field, and
subsequently analyzed by both parties. In other cases the
samples are homogenized in the laboratory then split and
sent to us from other laboratories, or sent by us to other
labs, for analysis. A recent updated report details our
quality control procedures and results (Kehl et al. 1995).

The estimated average intake of local and imported
foods used in the dose assessment is a very important
parameter; radiological dose (or body burden) will scale
directly with the total intake of 137CS, which is propor-
tional to the quantity of locally grown foods that are
consumed. Therefore, a reasonable estimate of the aver-
age daily consumption rate of each food item is essential.
LLNL and its independent committees, in concert with
local government authorities, with the legal representa-
tives of the people, with Peace Corps representatives, and
anthropologists have endeavored to establish and docu-
ment pertinent trends, cultural influences, and economic
realities—with the hope that the estimates of intake rates
for local foods are objective and realistic.

The LLNL preferred diet model, the so called
“imported food available” (IA) diet model, used to
estimate the dose from 137CS at the atolls is listed in
Table 1 for Rongelap Island and includes consumption of
both local and imported foods. A diet consisting entirely
of consumption of local foods, “imports unavailable” diet
(IUA), for Ron,gelap Island is listed in Table 2. The diet
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model for the food intake rate (g d 1) of local foods is
the same for Utirik Island, and only the radioactivity
intake rate (Bq d ‘) changes because of the lower
concentration of 1~7Cs in the soil and vegetation at Utirik
relative to Rongelap. The basis of these diet models was
the survey of the Ujelang community in 1978 by the
Micronesia Legal Services Corporation (MLSC) staff
and a Marshallese school teacher on Ujelang (Robison et
al. 1980, 1987, 1994). The survey results were presented
for adults (women and men), teenagers, and children.
Adult intake exceeded that of teenagers and children, and
the intake of local food was about 2070 greater for
women than for men. The higher intake attributed to
women is unexplained and certainly questionable. It is
indicative of the acknowledged uncertainty in dietary
estimates. Nevertheless, we believe that the MLSC sur-
vey provides a reasonable basis for estimating the current
dietary intake. Pending the availability of empirical data,
we have chosen to use the higher (female) diet from the
survey as our diet model rather than attempt further
speculative refinement.

Detailed descriptions of LLNL dietary model and a
review of other dietary data from the Marshall Islands are
given by Robison et al. ( 1987, 1994). Also, these reports
provide a detailed analysis of the caloric content of the
diet model compared with United States and Japanese
diets. The LLNL IA diet model (Table 1) has a daily
calorie intake of about 3,208 calories, which is greater
than the U.S. population average value, ranging from
1,853 calories to 1,925 calories (Yang and Nelson 1986;
Abraham et al. 1979)

The idea that people will return to the historical
lifestyle and consume only local foods without any
imported foods continues to surface, although it is almost
certain this type of lifestyle will not occur again in the
Marshall Islands. Nonetheless, we have calculated the
doses for such a diet scenario. The IUA diet data listed in
Table 2 are those derived from the results of the Ujelting
survey. However, as part of a National Academy of
Sciences review in 1993 of the LLNL program, it was
recommended that the calorie intake of the IUA diet as it
came from the survey be doubled because the calorie
intake was low and could not sustain a population for a
long period of time (NRC 1994). We accomplished this
by doubling the intake of all dietary items listed in Table
2. Consequently, the gram per day intake, the daily ‘37CS
intake, and the calorie intake are double the values in
Table 2 for the dose calculations for the local food only
diet (IUA) and are reflected in the tables by the symbol
IUA*2. Other diet models have been proposed by people
associated with Marshall Islands projects and will be
used for comparison (Naidu et al. 1980; Simon and
Graham 1995).

The age-dependent biokinetic model for 137CS is that
developed by Leggett (1986) and adopted by the ICRP
( 1990, 1991). It is a two compartment, exponential model
with 1090 of the ingested ‘37CS activity going to a
short-term compartment with a biological half-life of 2 d
and 90Yc going to a long-term compartment with a
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biological half-life of I I() d. Data from BNL support the
use of the I 10 d half-life for the average adult males in
the Marsh~ll Islands (Miltenberger et al. 1980, 198 I;
Lessard et al. 1980a, 1980b, 1984).

In this paper we calculate the avertige 1~’cs body
burden only for the adult ~ge group. The estimated dose
from 137Cs for adults is u conservative estimate of dose
for intake beginning tit any other age based on available
age-specific dietary information from the Marshall is-
lands (Robison and Phillips 1989).

Whole body counting system and radiocesium
measurements

ill ~’il’() WBC is a simple, accurate, and effective
method to determine the quantity of gamma emitters in
the body, such as ‘°K, “’)CO and 1~7Cs. Hence. the WBC
is an important technique employed in assessing the
internally deposited radionuclidcs in the Marshallese
populations since 1957 (Conard 1992). The WBC mea-
surements have been conducted by scientists at BNL
(Greenhouse et al. 1980) over the past 20 y; many of the
body burden measurements for the Marshallese using the
WBC and urinalyses methods are available (Cohn et al.
1956, 1963: Cohn and Gusmano 1965: Greenhouse et al.
1980; Miltenbergcr et al. 1980, 198 I; Lcssard et al.
1980a, 1980b, 1984; Sun ct al. 1991, 1992).

Whole-body counting was performed in two
shadow-shielded chairs, each having a single thalliunl-
doped sodium iodide detector. 20.2 cm ( I I.5 inches)
diameter by 1().2 cm (4 inches) thick. produced by
Bicrorr. ‘“The WBC detector is mounted on a pivoted arm
allowing it to be centered across the front of the chair
where the people arc seated for 15 min during a counting.
The WBC system is calibrated with a bottle mannequin
absorber (BOMAB) phantom. Isotope identifications arc
based on four distinct photon energy petiks: ().622
( ‘~7Cs), 1.17 and 1.33 ( ‘(’CO), and 1.46 MeV (40K).
Counting efficiencies arc established for four geometries
by selecting whole or pfirtial sets of the BOMAB
phantom’s segments called large, medium, small, and
in~~nt. The counting efficiency obtained with the large
<7eometrY is used to analyze spectra from persons weigh-a
ing 60 kg or more, the medium geometry for persons
weighing between 40 and 60 kg, the small geometry for
youngsters age 3 y or older who weigh less than 40 kg,
and the smtillest geometry for inf’tints less than about 14
kg. The minimum detectable activities (MDA) of 1~7Cs
and “(’CO at the 95Yc confidence level for an empty chair
for the present WBC systcm are 60 tind 52 Bq, respec-
tively (NCRP 1985; Sun et al. 1991).

All measurements were made on volunteers from
among the Marshallese who were residing on either
Rongelap or Utirik Atolls. It was assumed that meusured
cesium activity is maintained in the body over 365 d us
the result of a series of chronic inttikes. Cesium body
burdens in Marshallese must be interpreted on the basis
of chronic intakes (Lessard et til. 1980a; Sun et til. 1991;
Kercher and Robison 1993).

Bit]-c)n, 680 I C(Jchr:~n Rtl:Id, Solon.” OH 44139
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RESUI,TS AND DISCUSSION

The initial 1J7CS intake (kBq mo 1) in 1974 for the
various diet models is Iistcd in Toble 3. The estimated
body burdens based on the cnvironrnental method for the
yctirs 1977 through 1984 for Rongelap and 1977 through
1993 for Utirik arc listed in Table 4 for the various diet
models. The body burdens were calculated using the data
from food samples collected on Rongclap and Utirik
Islands from 1978 through 1993. The data were decay
corrected to 1970 to serve as input to the dose model. The
body burdens were ctilculated for a 25 y period ( 1970 to
1995), and the body burdens were extracted for the
appropriate year for comparison with the BNL whole
body measurements.

The BNL body burden data for ‘S7CS in the adult
population at both atolls are shown in Table 5. These data
represent the mean body burden of the adults (both male
and female) who volunteered to be measured on any
given trip. The number of people varied etich year, as did
the actual persons involved. Also Iistcd are the upper
957. confidence limits for the mean body burdens ob-
served on each trip. The 9570 confidence limits for each
set of BNL body burden measurements for a specific year
and island were calculated as follows. The lower bound
(LB) = the 2.5th percentile of the data values if II >39,
otherwise LB = the minimum data value. The upper
bound (UB) = the 97.5th percentile of the data values it’
}1> 39, otherwise UB = the maximum data value. The
minimum or maximum data values are used when }?<39
because the LB and UB cannot be calculated for such a
case (i.e., 0.025 X 39 = ().98; less thtin one individual.

Several other diet models have been suggested for
the Marshall Islands for use in dose calculations (Naidu
et al. 1980; Simon and Graham 1995). The original
reports can be reviewed for detailed intakes of each food
product. Rather than list three more very extensive
tables, the body burdens calculated using these diets are
shown in Figs. 6 and 7, along with the results from the
LLNL preferred diet model (IA) and the local foods only
diet model (IUA) as described in Tables 1 tind 2. For a
variety of reasons, politicians, lawyers, some community
members, and others have insisted that a diet consisting
of consumption of only locally grown foods should be
used for dose calculations.

The very good agreement between the estimated
1‘7CS body burdens from the LLNL environmental

Table 3. The initiol inl:]ke in 1974 in kBq per nlon(h fnr the
~,:lrious diei nl{}dcls for Rongeltip tlnd Utirik Islands

‘‘7CSintilke, kBq nl(l ‘

Rungcl:Ip Isl;urd U(irih ]sI;,lILJ

IA I .54 ().316
lL]A.l~’l 7.62 1.43
N:lidu A 13,2 ~,OJ

N:lidu B 4.37 ().957
Ntti{iu C 4.11 (),91X

‘i IUA’F2 represent iI doubling nt (he k:]luci Iislecl in (hc (~rigin:]l I(IA (Incal
I[)c)clc)nly)ciiet listed in T:ible 2 (SCC[CXI Ior expl:inali{) n).



Table 4. The estimfited budy burdens in kBq Ior the pupulalit~ns :lt R(>ngelap ond Utirik Atulls by the environmental
method f(}r kariuus diet mudels.

‘‘7C\ body hurdcn. hBq

Ll[irik ]s]:~nd

Dic[ m(,dcl j077 I 1)7<) [gxl 19X2 11)X3 1c)~~

1A 1.41 I .35 I,~c) I,~(, 1.23 I.?()
l~]AK~l 6,2? SOJ 5.fr8 5.55 5.43 5,31
N:lidu A 1?.8 12,2 11.7 11.4 11.1 10.1)
N:lidu B 4.16 3.08 3,81 3.7? 3.63 3,54

Rungc lap l~l:lncl
Dicl tnodel 1077 11)7,) Ic)xl I 1)8? 1983 1g~~

IA (>.n~) 6,59 ~,~c) 6.15 6.01 5.87
[LrAt~l 33. I 31.6 30.3 ~1).5 28 .~) 2X,3

N:iidu A 57,4 54.X 5~,4 51.3 50. I 4X.’)

N~i~lu B 19.() 18.2 17.4 I 6.9 16.6 I 6.?

‘ ILIA’~2 represent :1duubling (It the \tilucs listed in IhC (lriginill IUA (l(~cul loud only) (Iiel Ii\ted in T;lble 2 (ice ICXI t’nr expl:ln:ilit)n)

Table 5. The BNL tnc:m whole body mei]surements in kBq for p(~pulutions at Rungcl:lp and Utirik Islands f(>r 1977
through 1993.

R()/l,q(J/<//)
Me:ur ~).3 ().3 6.8

LJppcr ~)5Yr c(>nt’iclcnce 18.5 17.() [7,4
(51 )“ (35) (66)

(/liriL
Mc:in 3.8 2,() 3,1

Upper l)S([ CC)nt’idCnCC 7,4 3.7 6.<)
(48) (3(1) (!26)

().2 X.3 3.7

[3,() 20.8 11,2

(47) (52) (7x)

2.1 1.() ().8 1.1 ().4
4.4 2.6 3.() ~,g 1,5

( 168) (165) (14.’) (153) (103)

“ Nunlher in ptircn[he~cs is {he nunlher of people nle:lsure~l.

method using the preferred diet model (IA) and the BNL
whole body counting method provide a basis for evalu-
ating proposed diet models in the Marshall Islands. As
can be seen in Fig. 6, the LLNL diet model that provides
for both local foods and imported foods in the diet
reflects very well the results observed in the whole body
counting of the people at Rongeltip Island over a 7-y
period. The IUA scenario, and other proposed diet
models, significantly over predict actual observation by
WBC at Rongc]ap Island.

The results from Utirik Atoll (Fig. 7) span a range of
16 y ( 1977 to 1993) and provide a slightly different
picture of dietary intake in the years from 1977 to 1983.
In 1977 to 198 I and 1982 the intake of local foods was
significantly higher than predicted by the LLNL 1A diet
model. In 1979 and 1983, the whole body measurements
indicate that the local food intake was slightly above
model predictions. From 1984 through 1993, the envi-
ronmental method and WBC arc in excellent agreement
as was the case for Rongelap Atoll. The higher intake of
local foods at Utirik Atoll relative to Rongelap Atoll
from 1977 through 1983 could retlect the more constant
supply of imported foods from the U.S. to Rongelap
Atoll via the Trust Territory and Republic of the Marshall
Islands Government (RMI) because of the higher level of
contamination at Ronge]ap. When the air strips were
established on the outer atolls in the early 1980’s, service
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Fig. 6. The cstitnated hndy burdens tor Rungelap Isl;md for
v:irious ciie[ mudels t’rt)m the entirumnental meth~>d compared
with the WBC mcthud.
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Fig. 7. The estitnated body burdens for Utirik lskind for various
diet nlc)dels frn]n the cniirt)ntncntal n~cthc~dc(nnp:~rcd with the
WBC ]meth{)d.

became much more regular and imported foods could be
delivered routinely to nearly all outer atolls. Ship service
to the outer atolls has also improved under the RM1.
Consequently, the combined diet of Iocul and imported is
obviously the preferred, and now standard, diet of the
northern Marshall Island atolls. ~nd the measured body
burdens over the past 10 y are in excellent agreement
with model predictions at both atolls.

General observation of the lifestyle in the Marshall
Islands, with weekly airplane service. bc~~t support peri-
odically, trade with the outside world, government pro-
grams to ensure availability of imported foods, and a
population that now enjoys and expects imported foods,
indicates that the average diet in the Marshall Islands will
more closely resemble the combined diet of imported and
local foods than [i diet of only local foods or other
suggested diet models. This is particularly true for the
most affected atolls of Bikini, Enewetak, Rongelap and
Utirik, two for which we have direct data, and the other
two which have very similar lifestyles to the other two
atolls.

Resettlement of the atolls in order to live at “home”
is very important to many of the people. The fact that the
people are not currently living on the atolls precludes any
direct whole body measurements. Consequently, deci-
sions on resettlement are made based on dose estimates
from the environmental method. Therefore, realistic dose
assessments should be made so that people are not
excluded {1I)riori from going home because of unrealis-
tic. over-conservative dose calculations. In the Marshall
Islands, this necessarily tr~nslates into realistic diet
models for estimatin the intake of local foods because of
the importance of 1~

FCs uptake into terrestrial foods that

July 191)7, Vtllutne 73, Nunlber I

subsequently provides a majority of the estimated dose. It
is very clear from the comparative data shown in Figs. 6
and 7 that proposed diets consisting of consumption of
only locally grown food stuffs simply do not represent
the current diet in the Marshtill lslartds. This is very
evident at both Rongelap and Utirik Atolls. The same is
also true for the other diet models that have been
proposed that are shown in Figs. 6 and 7. Consequently,
based on these direct comparative data at two atolls. and
gener~l observations on current dietary habits in the
Marshall Islands. a combined diet of imported and local
foods should be used to provide realistic dose assess-
ments.

Another very important part of any dose assessment
is the uncertainty that surrounds the population average
values. A detailed uncertainty analysis of these
environmental-method dose estimates (i.e., body bur-
dens) has been made for Rongelap Island (Robison et u].
1994). The method can be reviewed in the associated
paper in this issue that describes the uncertainty analysis
methods for the Bikini Island dose assessment (Bogen et
al. 1997).

The results of the uncertainty analysis for the cnvi-
ronrnental method are shown in Fig. 8 where the upper
95% confidence limits for individual variability in the
population average dose are shown by the solid circles
connected by a solid line. For comparison, 95Yc confi-
dence limits based on directly measured body burdens
from BNL for each year at Ronge]ap and Utirik Atolls
are shown by open diamonds for Rongelap and by open
triangles for Utirik

1 1 1

LLNL 1A upper 95?L/Mean

Utirik, BNL upper 95%/Mean

Rongelap, BNL upper 95%/Mean

o \
I

1 1 1 1 1 1

24 48 72 96 120 144 168 192

Time, months since 1977

Fig. 8. The conlparison of the 95% confidence Iinlits for interin-
dividu~d vfiritibiltiy tro[n the envirorrnlenttil Ineth(]d with (he 95VC
confidence Iilnits fr<)n~ experilnenttil dat:t by WBC for both
R(~ngel:ip tind Utirik Isl:lnds,



The upper 95% confidence limits from the direct
measurement of both populations for all the years are
within the modeled upper 95Yc confidence limits with the
one exception in 1984 (84 mo. since 1977) at Rongelap.
The model estimates of the interindividual variability
around the population’s mean predict very well actual
observations and thus provide assurance about the envi-
ronmental dose estimates and intcrindividual variability
when applied to other atolls and islands.

Moreover, the modeled 9570 confidence limits in
uncertainty in the population average dose are a factor of
2 above and below the calculated mean value. The upper
95% confidence limits based on the population average
observed by BNL at the two atolls over the years are 1.6
for Rongelap and 2. I for Utirik, a result once again in
good agreement with the environmental method uncer-
tainty of 2.0. This provides additional confidence in
applying the predictive LLNL environmental method to
other atolls and islands where people do not currently
reside, but where resettlement is likely or assumed.
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GASTROINTESTINAL ABSORPTION OF PLUTONIUM BY THE
MARSHALL ISLANDERS

L. C. Sun :ind C. B, Meinhold’k

Abstract—The gastrointestinal absorption constant WI) is a
critical parameter in assessing systemic uptake following the
ingestion of a radioactive material and in monitoring such
intakes. This study addresses the latter, particularly for plu-
tonium, and from environmental measurements derives an J,
value of 4 X 10–J for the Rlarshallese population. The
uncertainty associated with the methodology and measure-
ments used in this $, value assessment is evaluated. This
evaluation takes into account the results from 24-h urine
samples and the particular lifestyle of the hlarshallese. Pluto-
nium intake resulting from soil consumption is a primary
parameter in this evaluation; for this study, it was assumed to
be 500 mg d- 1. Thej, value determined here is consistent with
the values in ICRP Publication 67 of 5 X 10-4 for ages 1 to
adult, and is tbe same as that suggested by the NRPB.
Health Phys. 73(1):167-175; 1997

Key words: gastrointestinal tract; Nlarshall Islands; pluto-
nium; soil

INTRODUCTION

THFi INT.AKF of radioactive material can occur principally
through three major pathways: inhalation, ingestion, and
absorption through open wounds. Uptake is the fraction
of the intake that reaches the systemic system of the body
through any of these pathways. In this study, the quantity

of plutonium entering the gastrointestinal (GI) tract is
limited to ingestion, and since the uptake is considered to
be proportional to the fraction of the ingested plutonium
that is absorbed through the gut wall into the blood
stream, it can be expressed as a constant: the gastroin-
testinal absorption coefficient (fl ). Therefore. for inges-
tion, the systemic uptake via the GI tract is the product of
the intake and the ,fl value.

The International Commission on Radiological Pro-
tection (ICRP) in Publication 30 ( 1978) introduced the
annual limit on intake (ALI) and provided dose per unit
intake coefficients for controlling occupational exposure
to internally deposited radionuclides. In that publication,
the intake of one ALI, either from inhalation or ingestion,
was taken to result in a committed effective dose of 50

mSv in the 5[)-y interval following an intake. Inherent in
calculating ALIs by ingestion is the ,fl v:iluc. In ICRP
Publication 48 ( 1986) ,fi value of I() was recom-
mended for adults for unknown or mixed compounds
with the intention of providing “an adequate margin of
safety for radiological protection purposes” (ICRP 1987).
However. they suggested a value of I() z for infants for
the first ear of Iifc. Similar values of 10 z for infants

7
and I() for adults were also used in Publication 56 for
plutonium in the diet (ICRP 1989). Both ICRP Puhlic&i-
tion 67 ( 1993) and the U.K. National Radiological
Protection Board Gut ~ransfcr Report (NRPB 1990)
gave values of 5X I() for infi~nts and 5X I() ~ for
adults.

As Kocher and Ryan ( 1983) indicated, these values
are intended to bc used for dose limitation. Durbin ( 1975)
indicated the plutonium absorption from the GI tract,
wound sites. or the lung decreases in the following order:
soluble c(~mplcxcs > hydrolyzable salts > insoluble
compounds of plutonium. It is important to remember,
however, as stated in lCRP Publication 48 (lCRP 1986)
“the use of the cautious valLIc of I () ‘{ may not be
considered appropriate in all situations where a best
cstimtitc of absorption is required, either for a critical
group or in estimating a population dose.” Undcrcstima-
ing the ,f~ value would increase the estimate Of the intake
as interpreted from urinalysis. It is for this reason that wc
undertook an examination of the most appropriate .fl
value for the Marshallese people.

Other studies
There have been numerous studies on the behavior

of plutonium in human and animal biological systems. In
a study in which plutonium was fcd chronically to rats.
Weeks ct al. (1956) determined an ~1 value of about
3 x I () 7, On the other hand, an ~, value of – I() s has
been cited by Priest and Tasker ( \990). Pinder et al.
( 1990) suggested ~1 values of I () and I () 5 for the
ingestion of plutonium from plants which incorporated
plutonium via roots from contaminated soil and from
plants with surface contamination, respeciivcly. Bhatta-
charyya et al. ( 1992) used PLI(+4) and found that Cl
absorption values were similar in mice. baboons. and
humans and they suggested an,f’, value of I X 1() 4. From
their investigation of plutonium Icvels in urine from
people whose diet included shellfish, Hunt et al. ( 1990)
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proposed an~l value of 2 X 1()-”4 from Cumbrian winkles.
Another similar study based on the ingestion of pluto-
nium incorporated in reindeer meat concluded that the ,fl
value is about 8 X 10--4 (Mussolo-Rauhamaa et al. 1984).
Between April 1945 and July 1947, Pu( +4) and Pu( +6)
citrate solutions were selected and injected in ill men to
study plutonium toxicity in humans (Russell 1946; Rus-
sell and Nickson 1946; Langham et al. 1980). Also,
Popplewell et al. ( 1994) carried out experiments with
‘44Pu( +4) in volunteers and suggested an ,fl value
between 2X I()-~ and 9X 10’~ for their human biokinet-
ics modeling of plutonium. Later$ Langham’s results
(Langham et al. 1980) were thoroughly reviewed and the
data extrapolated in the development of biokinetic mod-
els for dose calculations and for interpretation of bioas-
say data (Beach and Dolphin 1964; Durbin 1975; Rundo
et al. 1976; Parkinson and Henley 198 I; Leggett 1984;
Jones 1985; Kathren and McInroy 199 I; McInroy et al.
1991: Voelz and Lawrence 199 I; Moss and Eckhardt
1995).

Taylor ( 1989) suggested that the $, value for pluto-
nium and other actinides and transuranium elements
could vary by three orders of magnitude depending upon
the mass ingested, the specific compounds ingested, and
the individual’s dieuary habits and physiology. Smith et
al. ( 1975) indicated that smaller particle sizes give lower
,f, values due to the greater retention time in the Cl tract.
On the other hand, Sullivan ( 1980a, b) indicated that
smaller particle sizes give larger ,~1 values due to easier
digestion in the GI tract. Larsen et al. ( 1977, 1983)
suggested a ,fl value for plutonium between 10–3 and
2X 10-1 based on the chemistry of plutonium in chlori-
nated drinking water. However, animal studies have not
produced convincing evidence that either the oxidation
state of the ingested compound or individual biology
influence the ,fl value (NEA 1988). Uptake is propor-
tional to plutonium intake, and each individual’s intake
differs, as do living habits. Therefore, a proper and
correct ~1 value must take into account an individual’s
living habits, such as foods consumed (and their prepa-
ration) (McKay and Fox 1991; ICRP 1989).

in a study on plutonium retention in the intestinal
wall of rats, the f, value for older animals was found to
be about 10% o~ that for younger animals (NRPB 1990;
Harrison and Fritsch 1992). This finding is consistent
with the ICRP Publication 67 (ICRP 1993) recom-
mended ~[ values of 5 X 10’3 for 3-me-old infi~nts and
5 X 10-4 for those aged I y and older. Therefore, it is
more likely that the ,~1 value remains nearly constant for
variables except age, and perhaps gender, and it is
variable intake which leads to differences in excretion.
Moreover, the current plutonium retention-excretion
models and biokinetics parameter values (lCRP 1989,
1993) allow for age-dependent changes in bone physiol-
ogy, which are reflected in changes in urine excretion as
a function of age. Therefore, the uncertainty of an
assessed,fl value for Marshallese populations using urine
data may be overlooked.

JuIy 19°7, VC>IUIIIC73. Nulllher I

MATERIALS AND METHODS

Data obtained through urine measurements
On the morning of 1 March 1954, a device code

named Bravo was detonated at Namu Island, Bikini
Atoll, the Republic of Marshall Islands (RMI). An
unexpectedly large yield resulted in radioactive fallout
inadvertently contaminating two inhabited atolls,
Rongelap and Utirik (U.S. Committee on Interior and
Insular Affairs 1989; U.S. Committee on Energy and
Natural Resources 199 I: National Research Council
1994; U.S. Committee on Natural Resources 1994). The
current work is limited primarily to the Rongelap popu-
lation.

The Bravo test released plutonium isotopes that
were transported to Rongelap and Utirik in fallout. All 64
Rongelap residents were evacuated 2 d after the Bravo
detonation. These residents, therefore, were exposed to
acute radiation from early fallout both before and during
their evacuation. In June 1957, the whole population was
allowed to return to Rongelap Atoll. However, in May
1985, the entire community was evacuated again due to
fear of exposure to fallout radiation. At present, no one
lives in the Rongelap Atoll. Thus, from June 1957 to
May 1985, the original 64 inhabitants and their descen-
dants were chronically exposed to low-level plutonium
contamination while living on the Atoll. In the summer
of 1989, a BNL mission conducted whole-body counting
and collected urine samples from 34 Rongelapese living
at Mejatto Island (Sun et al. 1992. 1995). The estimated
number of Rongelap people living at Mejatto then was
200–250, with half being children under the age of 10 y.
After May 1985, while living on Mejatto, the Rongelap
people were unlikely to ingest any plutonium as evi-
denced by the low levels of radiocesium activity detected
there. Our interpretation of the urine data is based on
these chronological events, and, therefore, assumes that
no intake of plutonium occurred before March 1954 nor
after May 1985.

In 1989, the fission track analysis (FTA) method
was fully implemented (Moorthy et al. 1988) and a
protocol established for a 24-h shipboard urine collection
that led to a set of reliable data on 23’}Pu excretion in
urine (Sun et al. 1993a). For example, the average
plutonium body content obtained from 24-h urine sam-
ples is in good agreement with that from analyses of bone
samples of deceased Rongelap residents (Fr~nke et al.
1995).

Calculation method and measurements
Table I shows the ages, sex, and the time of

residence on the Rongelap atoll of the 34 people, together
with their individual ~A results. The results are indi-
cated as gross and net plutonium contents (NBq) in 24-h
urine samples. The average total background from re-
agent urine blanks and systematic background is about
1.6 KBq [36 fission tracks with each fission track
equivalent to 0.044 ~Bq (Sun et al. 1995)1. In order to
obtain a positive result of plutonium in the body, the
gross plutonium content in the sample must be no less
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Table 1. Estimates of ‘“)Pu activity in 24-h urine samples and total days lived on Rongelap Island from 34 Rongelap
people.

2’”PU gross actik ity in 2‘L’Pu net activity in Exposure
ID Age” Sex 24-h urine (ABq) 24-h urine (pBq) dtiys’

1 19 M 4.5 2.9 5,475
2 14 M 3,4 1.8 3,650
3 1~ M ?.9 1.3 2,920

4 14 M ~,~ 1.6 3,650
5 16 M 3,4 1.8 4,380
6 16 M 3.4 1.8 4,380
7 15 M 3.() I .4 4,015
8 1~ M 2.3 ().7 2,920

9 14 M z,? ().6 3,650
I o 16 M 2,2 0.6 4,380
II 14 M I .9 0.3 3,650
1~ 10 M 1,7 (). I 2.190
13 19 M I ,7 t). 1 5,475
14 10

~
3.() 1,4 2,190

15 15 F 3,2 1.6 4,0[5
16 II F 2,4 0.8 2,555

{7 10 F 2.3 0,7 2,190
lx II F 2.3 ().7 2,555

(9 15 F 2.7 1.1 4,015
20 85 F 4.5 2.9 I (),220
21 16 F 2,3 0.7 4,380
~~ 13 F I .9 ().3 3,285

23 15 F 2.() 0.4 4,015
24 10 F 1.7 (), 1 2,190
25 12 F 1.6 0 2,920
26 17 F 1.6 0 4,745
?7 33 F 1.1 –0.5 10,220

28 14 F ().x –0.8 3,650

29 14 F 1.4 –0,2 3,650
30 14 F I .5 –(), 1 3,650
31 16 F ],2 – 0.4 4,380
32 12 F 1.3 –0.3 2,9?()

33 13 F 1,2 – 0.4 3,285
34 66 F 1.1 –0.5 1(),220

Tot~l 76,4 22.5 141.985

“ The oge during the ye~r of sample collection.
h Days calculated between 16 June 1957 ~nd 15 May 19X5

than 1.6 KBq. However, 8 of the 34 individuals’ sample
results were shown below 1.6 pBq and resulted net
plutonium contents in a negative value. Clearly, a nega-
tive plutonium content in the urine is not possible, nor is
a negative ~1 value, as might be suggested from these 8
individual negative net plutonium results. To avoid
nonsensical statistical biases, 22.5 pBq plutonium was
obtained from the sum of the 34 FTA gross results (76.4
pBq) then subtracted by total background of the 34 FTA
analyses (1.6 pBq X 34 = 53.9 pBq). Similarly, 141,985
days were simply summed from the same 34 people who
lived in the Rongelap Islands between June 1957 and
May 1985. These two totals are shown on the bottom line
of Table 1.

The population examined in Table 1 has an age
range between 10 and 85 y. Since the plutonium elimi-
nation rate is faster in older individuals, the fractional
daily excretion might be expected to differ between
individuals in this population. Priest and Birchall ( 1989)
reported that the ICRP age-specific model for bone-
surface seeking rddionuclides in humans is relatively
insensitive to the age of the individuals, and the pluto-
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nium urine excretion model applied to the adult age
group still provides sufficient accuracy for estimation of
intake for all ages except infants. Therefore, the variation
of plutonium excretion rates between age 10 to 85 y is
small as suggested by the ICRP ( 1989, 1993) human
bone model, and translocation parameter values among
bone, blood, urinary tract tissue, and urine compartments
are small as well. Hence, based on Jones’s plutonium
excretion model (1985), a predicted fractional elimina-
tion of 1.4X 10-5 of an original single acute uptake can
be applied for the following 4 y. Therefore, a total
plutonium uptake of 1.61 Bq (i.e., 22.5 ~Bq :
1.4 X 10-5, would be interpreted as the average pluto-
nium body content of the 34 people in May 1985 when
they left Rongelap Island. Further, based on the sugges-
tion in ICRP Publication 67 (1993) that about 8070 of the
plutonium uptake absorbed in the systemic whole-body
is available for a ra~id elimination, the total uptake
(systemic burden) of ‘3’)Pu is about 2.01 Bq (i.e., 1.61
Bq + 0.8). Therefore, the average rate of plutonium
uptake for these 34 individuals from both the inhalation
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and ingestion pathways was about 14.2 pBq d--1 (i.e.,
2.01 Bq : 141,985 d).

An alternative calculation can be made using non-
parametric statistics. For FTA data generated during
1989, the minimum detection level (MDL) was 2 pBq
(99% confidence level). It is seen in Table I that a large
number of results were below this value. As reported by
Helsel ( 1990), there are several statistical procedures for
handling values reported as less-than MDLs, such as
substituting zero for such values, or one-half the MDL, or
even the MDL itself. However, each method introduces
bias when estimates of means and variances for the
population are made. An alternative is to use percentiles
(e.g., medians, interquartile range), which are robust
parameter estimators for entire population data sets.
Using all 34 net plutonium results in column 5, Table 1,
the median value is ().6 KBq (e.g., compared to the mean
value, 0.66 KBq). This translates into an intake of 12.8
pBq d-’, which is only 10% below the previous calcu-

lation.

Estimation of plutonium inhalation uptake per day
Lawrence Livermore National Labor~tory (LLNL)

has been monitoring the exposure of the Marshallese
through environmental methods (Noshkin et al. 1979,
1981, 1988, 1994; Robisonet al. 1980, 1982, 1987, 1988;
Robison 1983; Robison and Stone 1992). The LLNL
group analyzed plutonium concentrations in air, soil,
water, and food. These data, combined with the observed
dietary patterns in the Northern RMI, are then used to
estimate plutonium intake and committed doses. On the
other hand, the BNL group analyzed plutonium concen-
tration in 24-h urine samples to estimate plutonium
uptake and committed dose (Lessard et al. 1984; Sun et
al. 1993a, 1995). An intake model developed and used by
the LLNL group for assessing plutonium dose via inha-
lation pathway for Marshallese based on their environ-
mental and the life style conditions estimated a total
activity intake of about 180 KBq d“” ] for both ‘3’)Pu and
240PU. This is based on the product of 22 m~ d -1
breathing rate and the ‘3’’+240PU concentration 8 pBq
m‘3 in the air breathing zone (Robison et al. 1987, 1982,
1989). A similar value was also reported by Kohn ( 1989)
for assessing potential inhalation intake of plutonium for
the people of Rongelap.

Because 240PU is not measured by the FTA method,
the relative proportions of 23’)Pu to 240PU must be
estimated if the FTA measurement results are to be
compared with the LLNL results. Oak Ridge National
Laboratory reported a 23’)Pu to 240Pu activity ratio of
20:27 for another thermonuclear device detonated on
Enewetak in 1952. code name Ivy Mike (Holleman et al.
1987). Since the plutonium compositions produced by
the Bravo and Ivy Mike devices were similar, the present
work applies the Ivy Mike ratio to obtain the LLNL
inhalation value of 77 pBq d-1 for 23’’Pu.

lCRP Publication 48 ( 1986) reported a range of
~yjmonary cl$~~ance rate of 0.0002 to 0.0010 d -1 for all

PU02 and ‘- PuOZ:U02 depending upon the particles’
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sizes and volubility in body fluids. ICRP Publication 48
also indicates that the rate of lung clearance could be
even slower than 0.0002 d– 1 for plutonium compounds
fired at high temperatures (i.e., over 1,OOOOC).This is a
valid concern in estimating the plutonium burdens in the
Marshallese, since the plutonium remaining on the is-
lands primarily is an insoluble, high-fired oxide (Schell
and Walters 1975; Noshkin et al. 198 I ). A recent study
on pulmonary clearance for workers with chronic expo-
sure to Class Y uranium indicated that the r~te of the lung
clearance is about 0.0001 d–’ (Dang et al. 1994). For
various oxide forms of Type S (corresponding to “Class
Y“) plutonium particles (assume I–5 pm-AMAD), the
ICRP’S Human Respiratory Tract Model (HRTM) ( 1994)
indicated that about 107c of inhaled particles cannot be
exhaled. The activity associated with these 10Yc particles
is eventually deposited in the alveolar-interstitial (AI)
compartment, the pulmonary region of the lung. About
10Y. of the AI-deposited plutonium reaches the blood.
The HRTM (ICRP 1994) also indicates that 0.1 % of the
AI deposited plutonium can be rapidly absorbed to blood
and affects the interpretation of urine measurements.

Using both the estimates of 77 pBq d 1 inhalation
intake rate for 2-q’)Puand the HRTM default value 10%
for inhaled activity deposited to the pulmonary region of
Iun , the calculated deep lung deposition rate is 7.7 pBq
d-- ? Because of both O.I % of instantaneously rapid
absorption and 170 of the cumulative absorption from AI
compartment to systemic blood, the estimated total
plutonium uptake via lung (inhalation pathway) is 0.077
pBq d-”’ [i.e., 7.7 ~Bq d-’ X (0.001 +0.01)]. This
contribution is small and can be negligible relative to the
total intake at 14,2 pBq d-1. Hence, the uptake contri-
bution due to the potential inhalation pathway is not
considered further.

Estimation of plutonium ingestion intake per day
Although the dietary pattern is important when

estimating ingestion uptake, particularly for populations
such as the Marshallese, other aspects of their life style
also must be considered. For example, sleeping on the
floor, preparing food outdoors, and eating in their often
dusty environments increases the possibility that depos-
ited plutonium will enter the body through ingestion
(Lessard et al. 1985; Simon 1994; Baverstock et al.
1995). Table 2 is an abridged version of the LLNL
dietary pattern for the Rongelap Islands Iall dietary items
contributing less than 37 ~Bq d– 1 have been omitted
(Robison et al. 1989)]. Based on Table 2, the total dietary
intake of ‘30PU and 240PU is about 5 mBq d-1 (Robison
et al. 1989). Using the Ivy Mike ratio of 20:27 for
23’’PU:240Pu, the dietary intake of ‘3’)Pu alone would be
about 20 mBq d– 1. Since the plutonium (both 23’)Pu and
2J’)Pu) concentration in Rongelap soil is reported (Robi-
son et al. 1989) to be 150 mBq g–] (4 pCi g “), about 64
mBq g“- 1 would be ‘3’JPu. Similarly, Baverstock et al.
(1995) indicates the average and standard deviation of
‘3’)+24[)Pu concentration in O–5 cm topsoil (8 samples) at
the Rongelap Island were 198 t 140 mBq g-’ with a
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Table 2. An abridged version of (he ITIC)delMarshallese diet frcml
Rc~bistm e[ J1. ( 1989). All dietary items c(mtributing less than 37

~Bq d ‘ have been omitted,

lntmke rale
[ngei~ion mte Bqd’

Luc:il loud gd’ (~ ’<’’J’’’Pu)

Rcct’ t’i\h ~J,~() 2.1 x 10 4
Tun;t 13,90 ],~x 10 J

Morine cr:ibs 1.68 6.7 x 1[) ‘
L(Jbs~er 3,88 1.6X 10 4
cl;illls 4.56 1.7X 10 ‘
Trochu’” ().1() 3,7X 10 5
Trid~cn:i MUSCIC” I .67 6.3 x 10 ‘
Jedru]’i 3.08 l,~x ]() ~

Cuccmut crabs 3,13 2.3 x 10 4
()~[()plls 4.51 4.4X 10 ‘
ChicAen li\er 4.50 5,6X 10 ‘
Pork II}er 2.(>() 80X ]() ~

C<)cunut juice 9<).1() ~).6 x 10 5
Ct}c(mut milk 5 I .90 8.5X 10 5
Drinking cOC() me;lt 31,70 4.1 x 10 5
Arr(~wr[~ot 3.93 lox 10 4
Well w;]ter 207.()() I.ox 10 ‘

“ Clam or shellfish-related species.

median value of 155 mBq g– 1. The uncertainty of’

Rongelap’s soil measurement is estitnoted to be about ().7
at 677c confidence level.

Estimation of plutonium intake from soil
consumption

Harrison et al. ( 1989) and Haywood and Smith
( 1990) reported an average soil intake of 10,000 mg d ‘
in dose assessments for the Emu and Maralinga nuclear
weapons testing sites in Australia. As a result of resus-
pension, soil dust can be deposited on plants and in food
during preparation. Hence, it ma? be ingested directly. A
soil ingestion rate of 100 mg d as a default was chosen
for a pathway analysis for the U.S. population (Yu et al.
1993). The assessments included inhaling suspended
dust, drinking water, and ingesting food contaminated
with deposited dust. Huywood and Smith specifically
discussed the effects of lifestyle on plutonium ingestion
for the Austr~lian aboriginal people; an average soil
intake of 1,000 mg d- 1 was established from the fecal
samples of the investigators who made field trips to the
affected areas. Therefore, the 1,000 mg d-( soil intake is
regarded by Haywood and Smith as the lowest limit on
soil intake for the aboriginal people, and it is in general
agreement with populations exhibiting habitual pica (the
deliberate ingestion of soil) (Schaum 1984; LaGoy
1987). A health risk impact study of the U.S. population
also suggested that children who eat soil can ingest as
much as 5,000 mg d 1 directly without exhibiting ill
effects (Cleverly 1987).

It is difficult to quantitatively compare the amount
of soil ingested by the Marshall Islanders and the
Aboriginal people because of their different lifestyles.
However, both societies live in close contact with their
natural environment, although the Australian aboriginal
people are nomadic, while the Marshallese have a life-

style more nearly like to that of industrial nations. LaGoy
( 1987) reported a maxi tnutn intake of 500 mg d-[ for
adults in developed nations who do not exhibit habitual
pica. This value, then, was taken to be a reasonably
conservative average for the Marshallese people. There-
fore, this work adopts 500 mg d-1 as the average
life-time intake of soil by the Marshallese (Table 3).

RESULTS AND DISCUSSION

Derivation of~l value for Marshallese
Since the fraction of the ingested plutonium ab-

sorbed that is reaching the systemic system is the ,fl
value, we can estimate,fl by dividing the daily uptake to
blood of 14.2 KBq d-( by the total intake r~te. Using the
500 mg d-1 soil ingestion r~te value, the 2-J{’Puintake is
estimated to be 0.032 By d– (. Combinin $ this with an
estimate of dietary intake of ().()()2 By d – gives a total
intake of ().()34 By d- 1. The estimated ,fl value is

14.2 X 10 “
.fl = ().034

= 4.2x 10-J. (1)

This ~1 value is about the same as we presented
earlier (Sun et al. 1993b). Outlines of the calculation and
parameter values used are summarized in Table 4. Using
the median value of ().6 KBq d-1 for uptake, an ,f, value
of 3.8 X 10-4 is calculated instead. Sensitivity analyses
betweenfl values vs. soil ingestion rates were performed,
with results tabulated in Table 5. The maximum esti-
nlated~l value could be as high as about 7 X I() ‘~. Also,
the plutonium intake r~te from ingested soil would equal
that of dietary sources at about 30 mg d -1 soil ingestion
rate. Above this value, plutonium intake from soils
exceeds that from dietary intake.

Among the 34 participants whose urine results were
used in this study, two are among the original 64
inhabitants who evacuated Rongelap in 1954. Unlike the
others, these two individuals both observed the fallout,
went through the 3 y of exile, and then lived a full 31 y
on Rongelap Island after returning. However, both had
less than 3.7 KBq in their 24-h urine samples or a
committed effective dose about 0.37 mSv to age 70 y
(Sun et al. 1995). This suggests that the impact on
internal exposure of plutonium during the direct fallout
in March 1954 was not significant. A similar conclusion

Table 3. Estimates (It soil ingestiun r~tes.

Estimate
Study yd:lr (Inxd ‘) Ap~licable numrl:itiun

Sch;lum ( 1984)

LLIGny ( 1987)

H;lywut)d :Ind
Smith

( 1990)

Robison” et J].
( 1g~l))

This work

I ()() Avg. 24 y. Us.
5 .()(x) M~Ix. 24 y, U. S., H~bituai pica

5(M) M~Ix, Adult, U.S.

5,()()() Max, Adult, U. S., H~bi[ual pico

I ,000” Avg. A(htit, Aborigine
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Table 4. Outline of the ,fl value calculation with assumptions and related parameter values.

The 2’”Pu and 24(’Pu activity ratio in the Bmvo dust was taken tu be 20:27.

Intake estimates
A: Inhalation pathwuy = 77 #Bq d ‘ (The pr(~ducts ut 22 m { d ‘ breathing rate times the plutmrium

concentration of 8 KBq m 1 times the 2{(’Pu ond 24[)Pu activity ratio). 10Ck of
the inhaled plutonium particles are assutned to be depnsited in the pullnm]ary
region (Al). Hence, the deposited 2~<}Puin lung is 7.7 pBq d ‘.

B: Ingestion pathway
1. Via dietary intake = ().()()2 Bq d ‘ (The product~ of 5 ~Bq d 1 die[ intake rate times [he

2’”’ 24(’Pu cmrcentmti(m ut’ 8 pBq m ‘ times the 2~”Po and ““PU activity
ratio.)

2. Vio ingested soil = (),032 Bq d ‘ (The pr[)ciucts of 500” mg c1 ‘ intake mte times the soil

cnncentratimr uf 150 mBq g ‘ times the 21”PU ~nd 24’lPu activity rati{). )

Uptake Estimates
A: Vi~ inhalation pathway = (7,7 pBq d ‘) X (().()()1 + 0.01) = 0.077 pBq d ‘, the fractional transferred

tu blood t’~)rType S particles are O.I VP and I % t’t)r instantaneously and
cumulative absnrptimrs. respectively ( tCRP 1994).

B: Via ingestimr pathway = [((),032 + 0.002) Bq d ‘ I X f,” (dietary plus ingesled estimate given ab{,ve).

C: Via 24-h ~A urinalysis = 14.2 #Bq d-’.

‘i~, = urinalysis result - the uptake to blood via inhal:lti~~n divided by the t~lt~dingestion ~~cti~ity. Therefore. .fl = ( 14.~-().()77) wBq
d ‘ + [(().()32 + 0.002) Bq d- ‘] = 4.2 X 10 ‘

Table 5. Sensitivity analysis for ,f, value due to varintts soil
ingestion rates for Marshallese.

Plutonium Plutonium
Soil intake intake from intake from

rate soil diet Total intake
(mg d-’) (Bq d-’) (Bqd ‘) (Bq d-’) f, Value

o 2.OX 10 ‘ 2.OX 10-] 7.1 x 10 ‘
If) 6.4x 10-4 2.OX 10 ; 2,6 x 10 ‘ 5.4x 10 ‘

30 1.9X 10 3 2.OX 10-’ 3,9 x 10 ‘ 3.6 X 10 1

50 3.2 X 10 3 2,() x 10 3 5.2 X 10-”{ 2.7 X 10 ‘

100 6.4 X 10 3 2,0 x 10 7 8,4 X 10 ‘ I,7XI0 ‘

200 1.3X 10 2 2.0 x 10 ‘ 1.5X 10 2 9.6 X 10 “
300 1.9X 10-2 2.OX 10 ‘ 2.1 x 10 2 6.7 X 10 4
500 3.2 X 10 2 2.OX 10 ‘ 3,4 x ](I 2 4.2 X 10 ‘

1,000 6.4x 10 ‘ 2,0 x 10 ‘ 6.6x 10-’ 2,2 x ]0 J

was drawn from a study of bone samples of deceased
Rongelap peoples who were on Rongelap Island (Franke
et al. 1995). Therefore, all the estimated ~1 values
presented in this study represent chronic exposure of the
people of Rongelap to a plutonium-contaminated envi-
ronment.

Influence of factors other than soil ingestion on
estimates of ~1 values

Although the major assumption in this paper is that
increasing the assumed soil ingestion rate thereby re-
duces the deduced ~1 value, other parameters which
might also reduce the estimated uptake have been con-
servatively evaluated.

First, there was no allowance for the assumption that
the specific activity associated with airborne plutonium
is 2.5 times greater than that for the soil (Shinn et al.
1980); however, the top layer of soil can be expected to
reflect the specific activity of that in the air. Then, it
might be assumed that the ingested soil has a specific
activity 2.5 times that of the soil averaged over 5 cm
depth; such an assumption would lower the,fl value by a
factor of about 2. Second, there was no allowance for

plutonium transfer during embryonic development fol-
lowing intake by the mother, which also would some-
what lower estimates of the value (— 10Yo) (Morgan et al.
1992; Stather et al. 1992). Third, no allowance was made
for a large ~1 value (about 10 times higher) during
infancy. Since this enhanced uptake occurs over a rela-
tively short period of life, the effect would be to lower
the estimated ~1 value by a factor of 1.5. Fourth, there
also was no allowance for intake through open skin cuts
and wounds (Geiger and Sanders 1956; Piechowski et al.
1989). Such intakes could enhance uptake, thereby re-
ducing the estimate of the ,fl value.

Marshall Islands soil was created from coral reef.
Hence, the basic topsoil components in the Rongelap
Atoll consist of sand, small fragments of marine shells,
and hard corals. Therefore, plutonium in the soil samples
from the Marshall Islands exists with lime enriched
compounds. ) Laboratory experimentation shows that
bulk soil from the Marshall Islands can be easily dis-
solved in weak acids similar to those encountered during
digestion (Simont). It is likely that the ~1 value is
governed both by the oxidation states of the plutonium
and the compounds it binds with during digestion. This
may explain why the~l value calculated for the people of
Rongelap Island from plutonium oxide is about double
the ICRP ( 1995) recommended value ~1 = 10-5).

CONCLUSIONS

The objectives of this study were to provide a
method using urine data for assessing GI tract absorption
constant and to determine an appropriate value for the
Marshallese populations. All values for critical parame-
ters for estimating the ~[ value for the Marshallese are
based on environmental concentrations of plutonium in
the Rongelap Islands and in low-level plutonium urinal-

‘ Simtm, S. L. Private comtnunicatinn, Natiomd Academy of
Sciences, 2101 Constitution Ave. N. W., Washingt{m. DC 204181995.
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yses. In addition to the uncertainty associated with the
methodology and measurements used in this assessment,
there are other parameters that could influence the
determination of the ,fl value. Because of both the
Marshallese life style and the levels of plutonium present

in the topsoil, we must emphasize the importance of
estimating the most realistic soil ingestion intake rate for
assessing the ~1 value. Overestimating the rate of intake
could result in a fivefold overestimation of total intake
for some individuals. Table 5 also shows that the most
sensitive factor for estimating ,fl value is the soil inges-
tion rate (i.e., more important than dust resuspension,
embryo uptake from the mother, and open skin absorp-
tion). The 500 mg d – 1 soil ingestion rate is an assumed
single value. Increasing the soil ingestion rate will
decrease the ~1 value, and visa versa. Using both para-
metric and non-parametric statistics. 4 X 10 ~ is found
as a realistic .fl value for the Marshal lese.

The ~1 value of 4X 10-J ctilculated for adults is
applicable to children as well. This value is in substantial
agreement with studies in which plutonium was chroni-
cally fed to young animals (NRPB 1990) and with the
values recommended for children ages 1 y and older
(ICRP 1993). We conclude that the~, value of 5 X 10-”4
recommended by the lCRP ( 1993, 1995) is the most
appropriate one for assessing plutonium exposure to the
Marshall Islands population.

The subnli[ted nlunuscrip[ h~i been ;Iuth{)red under conlruct nutnbcr
DE-AC02-76CH()()() 16 with the U.S. I)ep:lrtnlent (~t’Energy. Accordingly.
the U.S. G{lvernnlen[ retziins J nonexclusive. rt~y~lty-t’ree liccn~e [n publish
t)r reproduce {he published tonn (~t’this contribu[iun or I{) ~llow others I()
do so Ior U.S. Governnlent purp{~ies.
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HISTORICAL EVENTS ASSOCIATED WITH FALLOUT FROM
BRAVO SHOT—OPERATION CASTLE AND 25 Y OF MEDICAL

FINDINGS

E. P. Cronkite, R. A. Conard, and V. P. Bond*

Abstract—The events prior to Bravo Shot-Operation Castle
that led to a decision not to evacuate the Marshallese prior to
testing the thermonuclear bombs are presented as are tbe
actions taken after tbe fallout incident in evacuating the
exposed Marshallese and the military personnel. The initial
medical effects (findings during first 6 wk after exposure) are
briefly described and are followed by description of long term
effects, namely, induction of one case of fatal acute myeloid
leukemia and a large number of thyroid tumors (benign and
malignant) in addition to bypothyroidism in adults and chil-
dren and two cases of cretinism. The hypothyroidism and
cretinism responded well to administration of oral thyroxine.
During the first 25 y, there was also much unrest and political
agitation initiated by exposed and unexposed Marshallese wbo
were very unhappy as a result of relocation and inability to
return to their homelands and feeling that all illness and
deaths were due to the mysterious radiation, which they
understandably did not understand. The difficulties in part
were ameliorated by financial aid from the U.S. Congress. In
view of one of us (EPC), no one agency or person in the U.S.
Government was willing to take the responsibility for care of
the Marsballese and ik financing. The exposed and non-
exposed Marshallese had their lifestyle changed, some of their
homelands made uninhabitable for several years and could
aptly be called “nuclear nomads,” an expression coined by
others.
Health Phys. 73(1):176-186; 1997

Key words: Marshall Islands; fallout; thyroid; health effects

INTRODUCTION

THE PURPOSE of this paper is to provide background
information on who of the Marshallese were not evacu-
ated prior to Operation Castle, an operation for testing of
thermonuclear bombs in the Pacific Proving Grounds. In
addition, we outline the response of the Commander
Joint Task Force Seven (CJTF7) to the exposure of
natives and military personnel to large amounts of fallout
radiation and describe how both were evacuated. When
the CJTF7 requested the Atomic Energy Commission

* Medical Departnlent. Bro(]khavcrt Nationill L;~b{)ratory,Upton,
NY I 1973.

(Mcit?l!.~cri/]t r<~cf~i~,c,d12 M{lr[lz 1997; rc,>,i.vc,<ltn(it114,v1 ri[>t r~~-
ct,i),e[l 24 Mcircll 1997, LI<[c[)IC,<I11 A/?ri/ 1997)
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(AEC) and Department of Defense to send a medical
team to study and take care of the exposed Marshallese
and military personnel, they turned to the Navy Medical
Department and Armed Forces Special Weapons Project
(AFSWP) for help since both had been concerned with
study of biomedical effects of radiation at bomb test sites
in Nevada and the Pacific. The three of us EPC, RAC and
VPB had been associated with several atomic weapons
tests from the first (Operation Crossroads). There were
no plans for biomedical studies in Operation Castle and
hence no qualified medical personnel were available
within the Joint Task Force-7 (JTF-7) to perform such on
the accidental casualties.

Cronkite, Conard and Bond had been actively pur-
suing radiobiological research at the Naval Medical
Research Institute (NMRI) (EPC and RAC) and VPB at
the U.S. Naval Radiological Defense Laboratory (US-
NRDL). All research had been directed toward potential
therapy of acute radiation injury in hutnan beings. In
addition, EPC had reviewed the reports of the Atomic
Bomb Casualty Commission to learn the mechanism of
fatal irr~diation injury in the Japanese casualties. Accord-
ingly, all three were familiar with the various syndromes
that could be produced by exposure to whole body
irradiation and had the necessary security clearances for
entry into the Pacific Proving Ground.

It is difficult to provide references since data or
comments are based on voluminous Commander Joint
Task Force operational orders and Radiological Safety
Reports that are only available through the Defense
Nuclear Agency, Washington, DC. These are listed in
part in the references.

Prologue to Bravo Shot of Operation Castle

Joint Task Force Seven (JTF-7) Commander Lt.
General Clarkson, During previous atotnic tests, natives
were protected by temporary relocations. Gordon Dun-
ning, AEC Division Biology and Medicine (DBM) stated
“the main objection to evacuation is the high cost and the
logistic problems presented in supporting such an oper-
ation. ” CJTF-7 concurred emphasizing the military fi-
nancial austerity for 1954 and the lack of ships and
aircraft. If evacuation became necessary, the security
ships of JTF-7 would be required to accomplish this upon
request of Commander in chief of Pacific Fleet

Reproduced ~;~m the jol ]rnal. Health Phys;. cs k~i.th
perm~. ssi on from the Health Phys i cs Soc i.et y



oper~ltic)n C:l\tle :tnd 2S y {Ii nlcdic;!l t’indings ● E. P. C~cl\h[ I I I I \I [77

(CINCPACIFLT) who was designated (o be responsible
for safety of’ people outside of the designated test area by
Commander in chief Pacific (CINCPAC) (Defense Nu-
clear Agency 1985).

Pretest
The maximum permissible exposure (MPE) for task

force personnel was set at 3.9 R accumulating ().3 R
Wk” ‘ for 13 wk. All exposure was assumed to be gamma
radiation. Key personnel were anticipated to exceed 3.9
R. With the concurrence of the Surgeon Generals (SC) of
the Army, Navy, Air Force and the Director. DBM AEC
(John Bugher) the MPE for special personnel was set at
20 R, a dose considered ctccept(!{)iefor f/?etl{ltil’e,s

(Defense Nuclear Agency 1985).
CJTF-7 was responsible for safety of Task Force

(TF) personnel and was directed to advise CINCPAC
about special hazards and danger areas within the pur-
view of CINCPAC and outside of the area for which
CJTF-7 was responsible. CINCPAC directed CINCPAC-
FLT ( 13 January 1954) to assume complete responsibil-
ity for safety matters for CINCPAC and to take such
actions as necessary to provide for the safety of all units
and populated areas of the Pacific except those areas for
which JTF-7 was responsible (Command Joint Task
Force).

Dosimeters were not placed on the atolls occupied
by Marshallese to determine the exposure rate nor were
film badges or integrating dosimeters used to determine
the total exposure (Defense Nuclear Agency 1985).

Analyses and recommendations made for future
tests after Bravo

The BRAVO shot was estimated to explode at 6t2
MT. It detonated at 15 ~2 MT (Defense Nucletir Agency
1985). It was fired on land in Bikini atoll ne~r NAMU.

The bulk of the native populations within 500”
nautical miles (NM) resided in the southeast quadrant out
of f’ti]lout area. The clouds with radioactive particles
passed over Ailinginae, Rongelap, Utirik, and Ailuk
depositing fallout and irradiating the persons below from
the radioactive cloud (cloud shine).

The evacuation after Bravo was considered sound
by the Task Force. was well executed, and could serve as
a model for future tests.

The following features would enhance any future
evacuation:

1.

7-.

3. .

4.

Provide ship captains that may be involved in evacu-
ation with detailed maps of all Northern Atolls;
Inform native populations of upcoming tests so they
would be prepared for unusual phenomena (intense
light, noise, and shock wave and fallout);
Advise natives to return promptly to home islands if
any unusual phenomena are observed so that all will
be concentrated in one place for prompt evacuation;
and
Provide dosimeters recording dose rate and integrat-
ing (film) for inhabited areas so that the dose from
fallout and from cloud shine will be known.

The reasons for not evacuating natives were:

1.

2.

3.

Economy imposed by reduction in military budget for
FY 1954;

The notion that fallout would not be a problem was
based on Operation Ivy experience (first thermonu-
clear explosions): and

Inadequate ships and aircraft to relocate Marshailese
to safe areas,

The “Bravo” accident
A serious fallout accident occurred following the

first test, “Bravo,” a thermonuclear device at Bikini Atoll
on 1 March 1954. In spite of some uncertainty about the
weather, the device was detonated at 6 a.m. An unex-
pected shift in winds resulted in fallout on Marshallese
on Rongelap, Ailinginae, Utirik and Ailuk Atolls, Amer-
ican servicemen on Rongerik Atoll, and Japanese fisher-
men on The Lucky Dragon. Sever~l naval vessels, 30
miles east of Bikini, unexpectedly encountered fi~llout
with white flakes F~lling on the decks of the ships. Flank
speed retreat was ordered; the automatic wash down
systems removed substantial amounts of fallout. Crews
remained below deck minimizing exposure. Later several
sailors developed mild radiation burns of the skin (De-
fense Nuclear Agency 1985).

The extensiveness and amount of the fiallout
emerged slowly because of confusing and overlapping
events. Difficulties were encountered with the cloud-
tracking planes. There was confusion about the radiolog-
ical situation on Rongerik atoll. The men on Rongerik
saw a mist 4 h after the blast. Seven hours later, the
needle of a radiation-measuring instrument went off
scale at 100 mR h 1. The next day a radiological safety
officer arrived by air. Due to the high levels of radiation,
he evacuated personnel and recommended immcdiate
surveys of Rongelap and Utirik. Radiation Icvcls on
Rongelap and Utirik resulted in evacuation of the people.
Ailuk Atoll had measurable levels, but it was decided not
to evacuate the 400” people on that atoll (Defense Nuclear
Agency 1985).

The F~(k~/r~{M[~rr/ (Lucky Dragon), with a crew of
23 men, was about 80 miles east of Bikini. The fishermen
saw the detonation from their ship. Soon a snow-like
fallout covered the deck and stuck to the exposed
portions of their bodies. The crew experienced nausea
and vomiting for 24 h. The ship’s captain decided to
return to Japan, arriving 2 wk later. By this time, skin
burns were developing and the crew was put into
hospitals.

The Marshallese inhabitants of Rongelap saw the
flash of the detonation describing it as “like the sun rising
in the west” followed minutes later by a blast wave. In
early morning a snowlike material fell for several hours
covering the ground and adhering to the body. Water in
the cisterns was said to turn yellowish. The health aide
advised against drinking water but many people did.
During the first two days sever~l became nauseated, a
tcw vomited and had diarrhea. On 3 March, the people on



Rongelap and Ailinginae were evacuated by plane and
ship to Kwajalein (Defense Nuclear Agency 1985).

The 159 people on Utirik Atoll saw the flash of the
detonation in the west and felt the blast wave. Fallout
was not seen on Utirik. It was estimated that the F~llout
began at about 4:()() a.m. on 2 March (about 22 h after the
detonation) and continued for about 4–5 h. The Utirik
people did not have any cutaneous or GI symptoms. C)n
4 March, the Utirik people were evacuated by Navy
destroyer to Kwajalein (Defense Nuclear Agency 1985).

Establishment of the initial medical program
On or about 4 March, one of us (EPC) was ordered

to report immediately to the Navy Surgeon General’s
Office, Washin ton, DC. Already present were Shields
Warren, M.D + past Director of DBM-AEC; John
Bugher, M. D~,”r the ~re:ent Director. DBM-AEC:
Charles Dunham, M. D., Director Medical Program and
later Director of DBM; representatives of Armed Forces
Special Weapons Program (AFSWP) and others.

The CJTF-7 had requested the Department of De-
fense and the AEC to organize a medical team to take
care of the exposed natives and military personnel and to
study the effects. The assistance of the Medical Depart-
ment of the USN was requested and given promptly by
Surgeon General Lament-Pugh. The situation wtis de-
scribed. EPC was given verbal orders to organize a tctim
in conjunction with AFSWP and to be ready to depart
within 48 h with necessary laboratory equipment. The
services 01 V.P. Bond, M. D., Ph. D., USNRDL, were
requested as were the services of R.A. Conard, Cdr. MC
USN, two other Medical Officers and two Medical
Service Corp Officers. Several en] isted personnel from
NMRI and U.S. Naval Radiological Defense Lab (US-
NRDL) with appropriate security clearance were as-
signed to the team. A total of 25 persons was airlifted to
Kwajalein (Conard et al. 1955).

[t was believed that the dose to the Mtirshallese was
sublethal (Cronkite et al. 1955). However, in addition to
the medical team, second echelon help was identified.
For example, a preventative medicine unit of the
CINCPACFLT was alerted for possible bacteriological
studies along with additional clinicians and nurses in
case their services were needed. Rear Admir~l Bar-
tholomew Hogan, MC USN PACFLT Medical Officer,
met with the medical team on landing at Oahu and
promised support of medical facilities of the Pacific
Fleet. With the preceding planning and backup, it wtis
felt that medical problems that arose could be handled at
Kwajalein.

‘ Logistic suppnrt WJS c(~mplex—t)rgunizutit)ll of medicid teams,
shipment {Jt’ medical supplies :md equipment, (ruvel :Irrangements,
setting up ex~min:itiurl facilities on R(mgelap ~~ndUtirik lsltmds, etc.
Tr~vel in the iskmds in the early yeilrs wtis by LJ.S. Na\,y und Trust
Territ{)ry cargo ships, Later, a snltill ship wi[h ex[unimltimr i’;icilities
wi~s iicquired. The U.S. presence in the islands br{)ught in money and
j(lbs, [urd since many pe[)ple t’rnm Rongelup and Utirik nligr~~ted to the
district centers :It Ebeye ;uld M:ijuro, :ulditi(}n:ll ex~unining i’:lcililics
had to be set up in these centers.
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En route Oahu to Kwajalein the physicians of the
medical team discussed management of the exposed
persons. They unanimously decided that we’d listen to
estimates of the exposure dose of radiation but manage-
ment of the casualties would be guided solely by devel-
oping signs and symptoms.

The medical team arrived at Kwajalein on 8 Mtirch
1954. The Cotnmander U.S. Naval Station Kwajalein
gave immediate support and within 24 h a functioning
laboratory and clinic were available adjacent to housing
for the natives.

On arrival at Kwajalein, a “letter of instruction” was
given to EPC from Co]. Gilbert, USAF establishing
project 4.1 with EPC as project officer ond requiring that
all requests for support beyond that locally available be
directed to Commander Task Group 7. I Attn Com-
mander Task Unit 13 placing a line officer between the
medical team, the SG’S and DBM AEC. Project 4. I was
classified Secret Restricted Data.

Summary of clinical observations
Full descriptions are published (Cronkite et al. 1955,

1956).

Nature of the event and exposed groups
The fallout consisted of fission products and itl-

cludcd radioactivity adherent to ilakes of Cao that fell on
the inhabited islands of Ronge]ap, Ailinginae, and
Rongerik. Cao was formed by incineration of cot-al
(largely CaC03, (Cronkite et al. 1956). The flakes resem-
bled snow on Rongclap, mist on Rongerik, and was
invisible on Utirik. The flakes of Cao adhered to the skin,
hair, trees. and buildings, The exposure of the individuals
was from material adherent to the skin, the radioactive
material on the ground, trees, and buildings. There was
also an unknown increment of gamma radiation from the
rtidioactive cloud as it passed by (cloud shine). The
material tidherent to skin and hair irradiated the skin and
hair follicles with an unknown amount of tnixed beta and
gamma irradiation. The military personnel aware of the
hazard, changed clothes, bathed ~nd stayed inside the
building, thus receiving a lesser dose to skin and deep
tissues.

The Marshallese and Servicemen had been cvucu-
ated by air and ship to Kwajalein where the radioactive
contamination of skin and clothes wos still evident
despite shipboard decontamination. Repeated washing of
skin and hair was continued. Decontamination of hair of
females was particularly difficult because of the heavy
coconut oil hair dressing they used. On nearby Ailuk
Atoll, about 400 natives with about same or lesser dose
as Utirik were not evacuated.

Whole body gamma dose
Dose rate was determined at 3 ft above ground on

Rongelap, Ailinginae and Rongerik several d~ys after
evacuation. Making assumptions about arrival time of
radioactive cloud the doses were calculated for Rongelap
tind Ailinginae (Cronkite et al. 1956). On Rongerik the
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arrival time was documented by a recording dosimeter.
The dose rate was diminished by the decay of the
short-lived isotopes. The dose from the cloud shine
remains unknown; however, the consistency of the cal-
culated doses with the doses that were measured by film
in refrigerators on Rongerik increases the reliability of’
the dose to personnel on the atolls.

The external doses are listed in Table 1.

Characteristics of the gamma radiation and tissue
dose distribution

The fallout on the ground constituted a large planar
source. Spectrometric data of the mixed fission products
and the degradation by Compton scattering in air resulted
in a radiation field with maxima at 100, 700 and 1,500
keV. The total exposure is the sum of partial doses from
each energy region. This, plus the planar source (radia-
tion coming from all directions), resulted in a relatively
high dose to the first 1–3 cm of tissue equivalent
material, perhaps 8 times the midline dose. The absorbed
dose throughout the rest of a tissue equivalent phantom
man was quite constant (Cronkite et al. 1956).

The fallout occurred in a cigar-shaped pattern. In the
easterly direction the 8 Gy isodose curve extended about
140 miles, 5 Gy about 160 miles, 3 Gy about 190 miles,
and 2 Gy about 220 miles. The north-south distance for
2 Gy was roughly 40 miles with shorter distances for the
higher isodose curves. A few miles north of the 2 Gy line
might have been lethal. These doses are estimates of
what would have accumulated over a 48-h period without
shielding (Cronkite et al. 1956).

Clinical observations and management
Twenty eight percent of the Rongelapese, 207. of

the Ailinginaeans and 5Yc of the military personnel
experienced itching and burning of the skin. The natives
on Utirik had no cutaneous symptoms.

During exposure there was burning of the skin, eyes
and lacrimation that subsided (Cronkite et al. 1956).
About 2 wk after exposure, itching, burning and pain
became evident in areas of skin not protected by clothing.
There were no constitutional symptoms associated with
developing skin lesions. The sequence of signs and
symptoms were subsidence of early symptoms, develop-

ment of black pigmented areas, and increase in size of the
lesions. Desquamation of the epitheliums resulted in large
depigmented areas. In some Icsions ulcers developed and
some became infected. Epilation, spotty in nature, oc-
curred in some individuals. Hair regrew with normal
color and texture. In one older man it regrew somewhat
sparsely. Biopsies of lesions showed the typical appear-
ance of radiation injury. The lesions healed. After heal-
ing, depigmented scars, particularly on the feet, were
evident. The infected ulcers were treated successfully
with antibiotic ointments. Details of skin lesions with
color photographs are publisbed (Cronkite et al. 1956).

The skin lesions were minimized in the military
personnel who bathed, changed clothes and took shelter
in aluminum buildings. Children who went wading had
fewer and less severe burns of the feet. A single layer of
cotton clothing gave almost complete protection. The
legs and feet also received additional exposure from beta
radiation from fallout on the ground.

Early constitutional symptoms
About two-thirds of Rongclap group were nauseated

for 2 d. About one-tenth vomited and had diarrhea. These
symptoms suggested significant radiation exposure
(Cronkite et a]. 1956).

There were no GI symptoms in military personnel or
the natives from Utirik.

Hematologic observations
Blood counts (neutrophil, platelet and lymphocytes)

are sensitive indicators of marrow suppression. Extensive
simple hematologic studies were performed. Since there
were no prior hematologic studies on the exposed Mar-
shallese or any comparable group, it was necessary to
establish a control group of non-exposed Marshallcse of
same age and sex distribution for comparative purposes.

Neutrophil count
The absolute count of all age groups fell during the

second week to about 70– 80Yc of the comparison pop-
ulation (Cronkite et al. 1956). Following this initial
depression, the counts fluctuated around the comparison
group until 30 d after exposure and then progressively
decreased with minima being reached at 45 d after

Table 1. Doses to the exposed personnel and Marshallese.

Arrival time Total gi~mmti
Total fallout Evacuation (lose in iiir

exposed hours hours Dose ra(e (Gy)

Rrmgelap 67 4–6 50-5 I 375 mR h ‘ I ,9
a17d

Ailingin~le 18 4–6 58 I(KI mR h ‘ 1.1
at9d

Rongcrik U.S. 2X 6.X 28.5–34 280 mR h ‘ (),78
Personnel

Utirik
tit (I 11

167 22 55-7x 40 mR h ‘ (). I I
Ilxd

M~r\htillese Con[rol 117
Anlerican Control 105
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exposure. The depression of neutrophils was greater in
children less than 5 y of age than in older children and
adults (Cronkite et al. 1956). At 6 mo and 1 y after
exposure, the neutrophil counts were C1OSCto the control
population.

Further clinical observations and blood counts
Between 33 and 43 d after exposure the absolute

neutrophil counts of Rongelapese were le~s than 1,000
mm-s. The lowest count was 700 mm . During this
interval the question of prophylactic antibiotics was
considered. The administration of antibiotics was not
commenced because

●

●

●

Individuals were seen daily. Temperatures were
taken. If an infection were to develop, it would be
discovered early and therapy commenced.
Premature administration of antibiotics might ob-
scure infectious processes and might lead to
development of drug resistant commensal bacteria
in individuals with lowered resistance to infec-
tion.
There was no useful knowledge in 1954 of the

number of granulocytes below which infections
from commensal organisms might develop.

The clinical picture of the Rongelapese was signif-
icantly different from the Japanese exposed to atomic
bombs. In Japan. the radiation was delivered in d short
burst. The Marshallese were exposed over several hours
with a decaying dose rate. Their granulocyte counts
decreased slowly to about one-fourth of the normal
values. Immature granulocytes were observed in the
peripheral blood suggesting regeneration of the bone
marrow. In the Japanese whose neutrophil counts fell
precipitously to low levels, infections with septicemia
developed with a high mortality.

During the fourth and fifth week after exposure, an
epidemic of upper respiratory infections (URI) occurred
in all Marshallese with fever and a purulent nasal and
tracheal discharge for about 10 d. A similar URI occurred
in the control population and Medical Team (Cronkite et
al. 1956).

Platelet counts and hemorrhagic diathesis
In 11 individuals the platelets fell between 35,000 to

65,000 mm-~. Individuals with platelets less than
100,()()() mm ~ were exomincd daily for retinal bleeding,
cutaneous petechiae, hematuria (microscopic). and
women were questioned about excessive menstruation.
At the nadir of platelet counts, two women had excessive
bleeding. It subsided spontaneously (Cronkite et al.
1956).

The platelet counts were very slow (several years) in
reaching the average of the control population (Conard
1992; Cronkite et al. 1956).

Pregnancy
Four Rongelapcse were pregnant: two in first tri-

mester, one in second, and one in third. In the Ailinginae

JLIIY 191)7. V{~lUInt! 73. Nutnber I

group, one woman was in second trimester. The pregnant
women had a significant thrombopenia. There was no
vaginal bleeding. One baby was born dead; the others
were normal. Whether irradiation was responsible for the
stillbirth is unknown.

Lymphocyte counts
By 3 d after exposure, the lymphocyte counts were

50YC of the comparison group. The decrease observed in
children less than 5 y of age was more pronounced. The
Iymphopenifi persisted through the initial observation
and was still present tit 6 mo, 12 mo, :ind for several years
after exposure (Conard 1992; Cronkite et al. 1995).

Platelets
The maximum depression in platelet counts oc-

curred at 28 to 30 d after exposure. The children less than
10 y of age had a greater percentage drop. The platelet
levels commenced to recover 30 d after exposure, attain-
ing a maximum on day 45 with a secondary drop and
leveling off for the remainder of the post exposure
period. There was a very slow recovery in average
platelet counts to that of the control population (Conard
1992; Cronkite et al. 1995).

Internal deposition of radioactive materials: Early
observations

The amount of internal exposure was derived by
radiochemical urinalyses carried out beginning at about 2
wk after exposure. Only radioactive strontium (“OSr) and
iodine (131I) were near the maximum permissible levels.
No effects of any of these absorbed elements. except for
radioiodine have been detected in the Marshallese peo-
ple. The details of early internal contamination are
published (Cronkite et al. 1956).

Since thyroid tumors developed and there was evi-
dence of hypothyroidism, reevaluation of the thyroid
dose was needed. It was based on the distribution of the
iodine family of radioisotopes in fission products, their
decay rates, arrival of fallout, time on the contaminated
atolls, thyroid size as a function of age, the excretion of
1311in 24-h urine samples at 17 d. the biological half-life
and the measured ‘-~1I in air samples. The major route of
radioisotopes into the body was via ingestion. Inhalation
was of minor importance. Details have been published by
Lessard et al. ( 1985). The doses are shown in Table 2 for
age and island groups.

Post Bravo care and responsibility for fallout
casualties

CJTF-7 was responsible for temporary care and
disposition. It was decided by higher authority to transfer
the military personnel to Tripler General Hospittil in
H~waii, and then they were returned to duty without any
follow-up studies planned. CINCPACFLT was assigned
responsibility for restoration of atolls with AEC assis-
tance and for return of inhabitants at proper time ~nd the
Trust Territory Hi Corn (Department of Interior) for
routine welfare and medical care.
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Table 2. Dose estimates (Gy) to the thyroid (Lessard et uI. 1985).

Thyroid d(~sc
Extem:d (ave–mitx )

Group Agc dust (Gy)

Rc)ngelap ly

(67 people )
9y
Adult

Ailinginae ly

( I 8 people)
9y
Adult

Utirik Iy
( 167 people)

9V

I .9 50-200

I ,9 ~_8

14
1.1 I3-5”?

1.1 5.4–22
2.8–I 1.2

(), 1 6.7–27

(). I 3.()–I 2,()
(). 1 1.5-6.()

On 24 April 1954, the project 4.1 medical team
made detailed recommendations for life long observa-
tions to CJTF-7. The project 4. I team did not visualize
the development of thyroid problems. In 1954 there was
no clear cut evidence of susceptibility of the thyroid to
radiation effects other than ablation by high doses.

On 12–13 July 1954, a conference on “Long Term
Surveys and Studies of Marshall Islands” was convened
at USAEC, Washington. DC, at offices of John Bugher,
Director DBM for planning future studies on the possible
hazards of living on the contaminated atolls and care of
the exposed Marshallese. The conference was classified
Secret Restricted Data. It was chaired by John Bugher,
M. D., Director DBM-AEC. In his opening statement
Bugher emphasized that the U.S. holds the Pacific
Islands Trust Territory (TT) including the Marshall
Islands’s in trust. The mandate was administered by a
trusteeship under the Department of Interior. The U.S.
held the right to withdraw such land as might be
necessary for strategic and security purposes but beyond
that “t{)(ldtr?itzi.~ter tile vvltole ure(~ ,fi)r tile l]et~<fit qf t}~e

peop[e cotlcertle(!”.

Bugher expressed his pleasure at the apparent recov-
ery of the exposed Marshallese but had reservation in
respect to possible development of carcinoma in the beta
burns of skin. It was concluded that there should be
regular examinations of the Marshallese for 1) cancer, 2)
cataracts, 3) growth and development, 4) general health,
and 5 ) study of flora and fauna for radioactivity y, uptake
into food chain, and that the medical studies should be
separate from the studies on flora and fauna. Bugher, in
a prelude to development of plans and identification of
personnel emphasized that 1) t/zere czre groups )t’itl?

(ilitlloritv it’itll(jut ccipiibility litl{l orher groups Vt’itll (’li-

p(ibilitv bt’itl?ol{t (iltt}zority; 2) the Marshallese are not
U.S. citizens; and 3) the Marshallese reside in a place that
is not American territory. The U.S. under the UN
Trusteeship is the Governing Authority (GA). The U.S.
does not have sovereignty.

The GA delegated the Department of Interior as the
administrative body with whom the Marshallese would
deal through the Hi Corn TT. The Hi Corn did not have

the scientific staff or the logistic resources to do the
things that must be done.

The AEC accepted the responsibility for the con-
tinuing studies and care of the e.vpo.!ecl Marshallese. The
AEC has in part the scientific resources but does not have
the necessary logistic support in the Pacific area.

Bugher clearly perceived the problems then present
and that would emerge in the future with clairvoyance.
No one organization in the U.S. had the responsibility,
the authority, and the capability to do what the U.S. was
mandated to do by the Trusteeship and was morally
obligated to do. As time went on no one organization
seemed to wish to see that the U.S. lived up to their
obligations.

Bugher hoped that the same individuals and institu-
tions involved with the initial event would be able to
continue over the succeeding years, namely personnel at
NMRI and USNRDL recognizing that personnel would
change with time.

In a letter to Admiral Pugh (SG USN), Bu,gher
solicited help and outlined the requirements for the
continuing observations on the exposed Marshallese and
their control population. At unspecified but regular
intervals, physical exams, interval history, hematotogic
studies, search for cancer and leukemia, cataracts, growth
of children, health of newborn and studies on internal
deposition of radioisotopes in the exposed persons
should be performed.

Financial responsibility would be assumed by
DBM-AEC. The SG USN concurred and CINCPAC
gave unreserved backing. The TT was happy with this
relationship.

It was agreed that V. P. Bond of USNRDL would
take a team of his selection for a 6-mo survey and that E.
P. Cronkite would do the same for a 12-mo survey from
NMRI in March 1955.

Long term plans were made for continuing medical
surveys involving USNRDL, NMR1, USA, and USAF
personnel. These plans were altered by the acceptance of
Cronkite’s request for resignation from the USN and
employment in the Medical Department, Brookhaven
National Laboratory, effective 1 October 1954. Bond
also relocated from USNRDL to BNL in December
1954. DBM-AEC then decided to tr~nsfer responsibility
for organizing continued studies to the Medical Depart-
ment, BNL, in a letter from Bugher to AU I Trustees. He
requested that Medical Department, BNL, assume the
responsibility for the continuing medical surveillance of
the Marshallese.

The 6- and 12-mo surveys showed the Marshallese
to be in good general health. There was scarring from the
beta burns in some individuals. There was no evidence of
cutaneous cancer or hyperkeratosis.

In 1955, R. A. Conard’s resignation from the USN
was accepted and he accepted an appointment in Medical
Department, BNL, with responsibility for directing the
continuing medical surveillance of the exposed Marshall-
ese and their comparison population. The responsibility



for general medical care of other Marshallese was that of
the TT (Department of Interior).

In 1956 July, an unclassified account of the effects
of radiation on the Marshallese was published by the US
Government Printing Office (Cronkite et al. 1956). It was
preceded by publication of a short report in the Journal of
American Medical Association (JAMA) (Cronkite et al.
1955).

Events Connected with Evacuation of Marshallese
Bishop Feeney S-J said “the people on Likiep were

greatly excited by the light and the blast wave which
arrived about 30 min after the light flash. Church
attendance was greatly stimulated on the day of the test.”
(Defense Nuclear Agency 1985)

As a result of a high dose rate (375 mR h 1) on
Rongelap Island, evacuation wus considered necessary.
After a TT official requested evacuation it was accom-

plished by air and sea. Sixteen sick and elderly were

removed by air and the remainder by ship. Decontami-
nation by bathing and laundering was pursued aboard
ship.

The ship proceeded to Ailinginae and picked up 18
Marshallese. Searches were made of other islands to be
certain no Marshallese were left behind.

The U.S.S. fl?illil~ ~rrived at Kwajfilein on 4 March
at 8:30 a.m., and the Marshallese were disembarked and
taken to the USN Dispensary.

Evacuation of Utirik
Orders received by USS Renshaw on 3 March 1954

at dawn while on patrol north of Enewetak. Set course
and speed to arrive at Utirik daylight of 4 March. Arrived
at 6:30 a.m. on 4 March 1954. Fortunately the weather
was good with light wind and moderate swells. At 7:30
ti.m., the ship hove to about 500 yards south of Utirik
Island on which all the natives were reported to live. TT
officials had not arrived. The CO proceeded to organize
the evacuation awaiting arrival of TT officials and
interpreters.

At 7:40 a.m., the gig (26 ft MWB) was launched
with beach party aboard. This team was to get ashore,
organize the natives for evacuation and locate the best
place and means for evacuation.

The team surveyed the village and collected water
samples from wells. The water had low radiation levels
probably due to roofs over each reservoir, The radiation
levels varied from 100 mR to 160 mR h-.

The TT representative arrived by plane. After being
apprised of the situation, it was decided to evacuate the
natives but to leave the livestock. A life raft was brought
in to shuttle people from shore over the reef to a MWB
waiting outside the reef. Women, children, and the
elderly were first shuttled out to the MWB’S, with men
last. The skill of the natives and their willingness to help
proved invaluable in getting across the reef. All natives
were aboard and in their assigned quarters by 12:00 p.m.
There were 47 men, 55 women and 52 children under 16
(26 boys and 26 girls). At 1:00 p.m., ship was secured
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and course was set for Kwajalein. The natives were
monitored as they came aboard and had an average of
about 7 mR h 1, substantially less than the average of 20
111R h 1on the beach. Transit through the surf apparently
washed off a substantial amount of radioactivity.

Natives on Ailuk (about 400)” were not evacuated for
reasons discussed earlier.

Long-term follow up
Following the initial examinations, the exposed

people of Ron.gelap including the Control population
were examined at Majuro Atoll by a medical team from
BNL headed by Conard who continued studies until his
retirement 25 y later in 1979.

Examination schedules
The lack of significant findings during the first 2 y

was encouraging. However, in view of studies of the
Japanese exposed to the atomic bombs at Hiroshima and
Nagasaki and of other irradiated populations, the exposed
Marshallese were at greater than normal risk of late
effects, such as leukemia and cancer. Therefore, it was
recommended that annual examinations of the Rongelap
people be continued indefinitely. In view of the small
radiation exposure of the Utirik population, it was con-
sidered that examinations every 3 y would be adequate.
The AEC approved and, with the concurrence of the TT,
asked BNL to continue the examinations jointly with the
TT.

Conard at BNL was asked to head up the program.
It was understood that the Trust Territory would be
responsible for the general health care, whereas the AEC
mandate limited the medical team to the diagnosis and
treatment of radiation effects in the exposed population
along with the control population.

It was soon apparent that the general health care was
not satisfactory. Therefore, the medical team, within its
capability and time limits, expanded efforts to include
many other conditions. Later, at the requests of the
inhabitants of Rongelap and Utirik, the entire population
on the islands was examined. When thyroid nodules
developed on Utirik, annual examinations commenced.

Beginning in 1971 for about 1() y, a physician from
BNL was stationed in the islands to monitor the thyroid
treatment program and assist in follow-up care of the
exposed Marshallese.

Conard retired in 1979. The surveys of 1980-I981
were headed by Cronkite and Pratt. From 198 I– 1990. the
program was headed by Adams and since 1990 by
Howard.

The examinations have continued on an annual
(later semi-annual) basis. By 1957, radiological surveys
indicated that Rongelap was safe for habitation. A new
village was built and the people returned, Examinations
were conducted there until 1985 when local politicians
decided the island was not safe and the people were again
evacuated to a small island in Kwajalein Atoll and the
examinations have continued there since then.
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Outstanding physicians in many specialties and
subspecialties and technicians from the United States
participated in the examinations, including endocrinolo-
gists specializing in thyroid problems. They provided
extremely important diagnostic, therapeutic, and techni-
cal capabilities. Equally important has been the partici-
pation of a large number of medical personnel (practitio-
ners, technicians, health aides, and nurses) from the
Health Services of the Marshall Islands who contributed
in carrying out the examinations, obtaining medical
histories, and in acting as interpreters.

Problems associated with the examinations
Before presenting the late medical findings, some of

the problems affecting the examinations are pertinent.
Carrying out the examinations in these distant is-

lands was a complex undertaking and could not have
succeeded without the support of many government
agencies, e.g., Department of Energy, Department of
Interior, Department of Defense and authorities in the
Marshall Islands.”t

The medical teams were faced with the medical care
of people with different backgrounds, lifestyles, customs
and language. The language barrier made it difficult to
communicate with people even with the Marshallese
interpreters. Efforts to help the people understand the
need for and results of the examinations and the effects of
radiation exposure were disappointing. They were afraid
of this unseen, unfelt, “poisonous powder” and its effect,
and this became a strong psychological factor. They
continued to believe that every ailment and every death
was somehow related to radiation exposure.

It is understandable that with the disruption of their
lives, the development of radiation effects, and the
contamination of their islands, there was increasing
bitterness towards the United States about the accident
and, justifiably, increasing demands for compensation.

Unexpectedly in the 1970’s, local politicians and
lawyers representing the people and certain Japanese
groups instigated actions that concerned the medical
team. In 1972 the medical team after arrival at Rongelap
had to cancel the examinations due to political interfer-
ence.:

Following this difficult period, it was encouraging
that there ensued a marked improvement in attitude
toward the program. There were several possible reasons

‘~The criticisms increused und the years 1972 to about 1977 were
troublesome. Unexpectedly, the Japanese anti-A ~nd H-bomb groups
became involved with the Marshallese politicians in critici~ing the
wuy the fallout victims were being handled. These groups were very
active in Japan and creoted much publicity concerning the fallout
exposure of the Joptinese fishermen on the Ll[~ky Dr~l<y{>rI.The
Marshollese politicians were greatly angered when the Trust Territory
Government refused to allow ~ Japanese group that they had invited to
visit Rungel~p to examine the exposed people and the group h~d to
return to Japan. This acticm precipit~ted a cuscade of events: the
tiburtion of the 1972 medical examinations after the team hod arrived
tit Rnngelap due to political imcrference: the formation uf a speciul
investigative committee on Rongelap and U(iriti by the Congress of
Micronesia wi[h arrangements for medical obicrvcrs to uccompany the
examinations,

for this: the favorable report of the medical observers to
the Congress of Micronesia on the conduct of the
examinations; efforts to increase communication with the
people about the effects of radiation and the objectives of
the program, increased efforts to expand primary health
care and, last but not least, the increased response of the
United States in compensation settlements.$

Miscellaneous late findings
Examinations of the exposed Rongelap people at 6

mo showed that they largely had recovered from the
acute effects and were generally in good health. No
deaths were attributable to radiation exposure. There was
further recovery of the blood elements, though they were

not yet up to normal levels.

Stillbirths and miscarriages
During the first decade after the accident, there were

few findings that could definitely be associated with
radiation exposure. There was an increase in miscar-
riages and stillbirths in the exposed Rongelap women,
but the nutnbers were small and it is uncertain if this
increase was related to radiation effects (Conard et al.
1980). Based on birth rate, fertility has been about the
same in the exposed and in the unexposed groups
(Conard et al. 1980).

Eye examinations
Regular examinations of the eyes, including slit-

lamp studies for cataracts, have not revealed any
radiation-induced effects.

Growth and Development
Anthropometric measurements (height, weight, os-

seous maturation, etc. ) in exposed Rongelap children and
matched unexposed children revealed that beginning a
few years after exposure some of the exposed children,
particularly boys less than 10 y of age, lagged in growth.
Growth deficiencies were result of hypothyroidism and
were corrected by thyroxin therapy (Cronkite et al.
1995).

Late effects on skin
Examination of the skin showed slight scarring and

pigment changes in areas of the lesions, and a few benign
nevi developed in areas of neck burns in a few people.
One skin cancer was found recently in an area of former
lesion.

~ in ]g~~, $950,000° were granted the Rongelap (about $ I I.()()()

per person). In 1974 a “Survivor’s Fallout Bill” furnished travel and

per diem funds for persons requiring hospitalization. In 1978 compen-
sation wtis paid to Rongelap individuals with radiation injurie~, in
1986, the new Republic of’ the Marshall Isl;inds ~mdthe United States
agreed to J “compact of’ Free Ass(~ciatiorr’”to last for t5 y. The tJnited
States provided $750 million for fiscal support, $150 million of which
was for claim, including injuries related to nuclear te~ting. Based on u
list of possible radiatiotl-related illnesses, a local Nucle~r Cluims
Tribunal has received numer(~us claims from indjviduitls throughcmt
the Marshalls.
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Possible genetic effects
Examination of children born to exposed parent or

parents, basedon the incidence of gross anomalies, has
not revealed evidence of genetically inherited defects.
Neel was unable to demonstrate any inherited genetic
effects in blood samples from the Marshallese (Conard et
al. 1980).

Lisco and Conard ( 1967) found a number of two
break chromosomal aberrations (dicentrics, transloca-
tions and a ring form) in cultured lymphocytes in the
exposed Rongelap at 10 y after exposure.

Degenerative diseases
The incidence of degenerative disease (cardiovascu-

lar, arthritis, nephrosclerosis) is not greater in the ex-
posed Marshallese as of 25 y after exposure (Conard et
al. 1980). Studies of aging, using a battery of nonspecific
tests did not reveal evidence of radiation-induced prema-
ture aging (Conard et al. 1966).

Thyroid dysfunction
Diverse thyroid abnormalities were the major late

effects. First nodules appeared in a 12-y-old girl 9 y after
exposure. About one-third of exposed Rongelap devel-
oped thyroid abnormalities, the largest incidence was in
children exposed when less than 10 y of age whose small
thyroids had a higher dose from same amount of radio.
active iodine ingested or inhaled (Lessard et al. 1985).

The relationship of growth retardation in children to
hypothyroidism was not appreciated at first since the
Marshallese have a high level of iodinated protein in their
blood (Robbins et al. 1967). When radioimmuno assays
for thyroid hormones became available, the depressed
thyroid hormone was detected and replacement therapy
commenced with success. Details of thyroid function in
the Marshallese adults and children are described in
Conard et al. ( 1980).

In 1966, on the advise of a panel of thyroid experts,
the exposed Rongelapese (later the Ailinginae group)
were put on lifetime thyroxine replacement therapy in the
hope of reducing the development of thyroid tumors.
Compliance with the program by the people has not
always been satisfactory. The thyroxine treatment has not
been completely successful. Some people on therapy
developed tumors. The treatment has been most reward-
ing in promoting normal growth in the children that
showed growth retardation.

Surgical removal of the thyroid nodules in both the
exposed and control populations was carried out usually
in hospitals in the United States. (In a few cases because
of age or health, surgery was not done). Metastasis to the
lymph nodes in the neck had occurred in some cases but
distant metastasis was not noted. Recovery from surgery
was uncomplicated and no fatalities have occurred re-
lated to thyroid cancers.

Hypothyroidism. Hypothyroidism and cretinism
were observed. Two infants exposed on Rongelap had
estimated doses of 50 to 200 Gy (Lessard et al. 1985).
The real dose is more likely close to 50 Gy. When treated
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with thyroxin, normal growth ensued (Conard et al.
1966; Robbins et al. 1967; Sutow and Conard 1969;
Conard et al. 1970).

Two Rongelap children exposed i)? t(tero later de-
veloped benign thyroid tumors suggesting that radioio-
dine from the mother may have been partly responsible
for the thyroid tumors (Conard et al. 1980).

Thyroid adenomata and cancer. The revised thy-
roid doses are published in detail (Lessard et al. 1985).
Adenomata commenced appearance about 10 y after
exposure. The incidence peaked at between 12 and 14 y
and declined thereafter to a low incidence. The higher
doses also resulted in a shorter latency before appear-
ance. The early adenomata appeared in individuals who
had thyroid exposures in range of 0.02–50 Gy whereas
later appearing adenomata occurred in people whose
thyroid had 2 to 20 Gy. Thyroid cancer occurred in
individuals whose thyroid had 2.5–30 Gy. No cancers
observed in individuals when thyroids received more
than 30 Gy.

Benign adenomata increased in incidence from ex-
posure to 2.5 Gy or more radiation. Hypothyroidism was
observed in individuals whose thyroid received in excess
of 54 Gy. There are simply not enough cases to draw any
conclusion in respect to a dose effect relationship.

Leukemia
One case of acute myeloblastic leukemia developed

in a boy age 19 y, exposed to 1.9 Gy at I y of age. This
leukemia was probably due to exposure to radiation. One
case of leukemia also occurred in the control population
in a male age 63 y.

Longevity
Survival curves for the people exposed on Rongelap,

Ailinginae, Utirik and Rongelap unexposed people show
there is no significant difference. Actually of those
exposed on Rongelap and Ailinginae, there was a slightly
higher fraction alive in 1986 (Conard et al. 1992).

Internal deposition of radioactive materials
The amount of internal exposure was derived by

radiochemical urinalyses carried out beginning at about 2
wk after exposure. Only radioactive strontium (yoSr) and
iodine ( 1~1I) were near the maximum permissible levels.
Based on later studies, plutonium, a long-lived element,
was present in small amounts and well within the federal
guidelines. By 6 mo, there was barely detectable radio-
activity in the urine of the Rongelap people. Table 3
shows the early mean body burden of the Rongelap
group for isotopes other than radioiodine.

In view of the extensive later development of
thyroid abnormalities (largely from radioiodine expo-
sure), it became apparent that the original doses esti-
mated to this organ were too low; and re-evaluation of
the doses received by the Marshallese is shown in Table
2. The dose from the iodine family of radioisotopes is
discussed in detail by Lessard et al. ( 1985).
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Table 3. Me~ln bc}dy burden of Rc)ngelapese in eorly peric~d after
exposure.

USNRDL
pCi tit ~Ci ot I LASL #Ci

R:ldiois(li{~pe 82 d d Jlld

“’)Sr (), 19 1.6 ~.~

“’’B:) ().()2 1 2.7 (),34

R~ire earth gruup 0.03 1.9
““RU ().()13
“cl () () (),()16 (Pg)

Internal deposition of radioisotopes
In addition to the medical studies, the BNL Medical

Team assumed responsibility for personnel monitoring of
the Rongelap and Utirik people and the Bikini people
who returned to their home island in 1969. In 1978,
environmental and personnel monitoring were trans-
ferred to the Safety and Environmental Protection Divi-
sion of BNL.

During the first few years after the Bikini people
returned to their islands. the levels of exposure were low.
However, by 1978, due to availability of plant foods,
there was a sudden increase in whole body levels of
‘37CS and ‘)OSr, and the people were evacuated again.

At the time of return of the Rongelap and Utirik
people. radioactive elements of concern were cesium
( 1’7CS. a $amma emitter with a half-life of 30 y),
strontium ( ‘)Sr, a beta emitter with a half-life of 28 y),
and zinc “’Zn, a gamma emitter with a half-life of 247 d).
Small amounts of other radioactive elements, such as
cobalt ({’OCo) and iron (55Fe) were of less concern. The
radioactive iodines decayed. The other radioactive ele-
ments, cesium and strontium, were found in low amounts
mainly in the p~ndanus, coconuts, breadfruit, and arrow-
root plants grown on the islands. Unexpectedly high
levels of radioactive cesium and strontium were found in
the coconut crab, a great delicacy to the Marshallese (n
Rongelap they were temporarily banned from the diet).
The doses from the above radioisotopes were not much
different from the doses received by U.S. citizens (Co-
nard et al. 1992).

A whole body counter of several tons was built and
shipped to the Marshall Islands for determination of body
burden of gamma emitters. In 1957, the Rongelap peo Ie

,3&,were returned to Rongelap. Their body burden of .’
on return was negligible. One year later the body burden
was 25,000 Bq, remaining at this level for about 2,500 d
and then decreasing so that at 8,000 d after rehabitation
it was 5,000 Bq. By 9.800 d the level was about 500 Bq.

EPILOGUE

There is a long, sad and tangled story of confusing
top level management in the U.S. Government in which
no one person or agency seemed willing to take tbe
responsibility, finance, or assign authority for getting the
job done. Most everything that Bugher had described in
1954 July resulted in confusion and failure to assign
responsibility and arrange long term financing of the

Marshallese programs for which the U.S. was responsi-
ble.

After tbe initial examinations were completed, the
AEC decided to move the Utirik people back to their
home island since the low residual radiation levels were
considered safe for habitation. In 1954, they were re-
turned and provided with supplementary food. However,
surveys of Rongelap Island showed that radiation levels
were too high to permit the people to return. Therefore,
they were moved to temporary quarters set up for them
on a small island (Ejet) at Majuro Atoll several hundred
miles south of Kwajalein. Following our initial exami-
nations of the American servicemen, they were taken to
Tripler Army Hospital in Honolulu for further examina-
tion by Army physicians. Lifetime studies were not
initiated as recommended to the CJTF-7 and was sug-
gested in the JTF Radiological Safety Volume I (De-
fense Nuclear Agency 1985).

The Utirik people also developed a few thyroid
tumors. It is unclear whether this is a characteristic of the
Pacific Islanders or was due to radioiodines. Studies
continue on body burdens of radioisotopes considered in
other presentations in this issue of Heel/f/? Pl?y.$ic.s.

Tbe displacement of the Bikinians resulted in a
major change in lifestyle, diet, etc., which may have
contributed to diabetes, its deleterious effects on health,
etc., whereas the Bikinians and residents of other atolls
have probably not been exposed to harmful levels of
radiation. They have been subjected to major psycholog-
ical trauma from repetitive relocation and are aptly called
“nuclear nomads” by Weisgall ( 1994).

In 1985, the Rongelapese were removed from
Rongelap to Kwajalein because they believed all of their
health problems were due to radiation.

With transfer of responsibility for internal contam-
ination the Medical Team was no longer responsible for
the measurements of radioactivity in foodstuffs or body
burdens.

Summary

1. The exposure of the Marshallese and the military
personnel showed that Pallout from a nuclear explo-
sion may have major health effects.

2. In the case of Bravo short term effects were:
a. Nonfatal depression of blood cell production in

Marshallese and Americans;
b. Skin burns from beta emitting fission products;
c. Measurable internal contamination of several fis-

sion products;
3. Longer term effects:

a. One case of acute mye]oid leukemia;
b. Unexpected serious effects of radioiodine family

on thyroid function.
1. Hypothyroidism children and adults
2. Cretinism: two boys
3. Thyroid tumors (benign and malignant)

Lifetime observation of Marshallese and military
personnel was recommended. Military personnel were
not followed for reasons not clear to us.



I86 Health Physics

~\[k~~f~\!/{,{/,q}?lt~}?[,\-This resctirch wtis supported in part by Department (It
Energy under CIJnlr~lct DE- AC02-76CH()()() I 6.

REFERENCES

Conard, R. A,; Lowrey, A.; Either, M.: Tho]mpson, K.; Scott,
W. A. Aging studies in the Marshallese exposed to ~~llout in
1954. In: Lindop, P. J.; Sacher, S. A., eds. Radiation and
aging. London: Taylor and Fr~ncis; 1966: 345–360.

Conard, R. A.; Dobyas, B. M.: Sutow, W. W. Thyroid
neoplasia as a late effect of active exposure to mdioactive
iodine in fallout. JAMA 214:3 16–324: [970,

Conard, R. A.; Paglia, D, E.; Larsen, D. E.; Paglia D. E,;
Larsen, P. R.; Sutow, W. W.; Dobyns, B. M.; Robbins, J,;
Krotosky, W, A,; Field, J, B.; Rail, J, E.; Wolff, J, Review
of medical Findings in a Marshallese population 26 years
after accidental exposure to radioactive fallout. Upton, NY:
Brookhaven National Labomtory; BNL 5126 I; 1980.

Conard, R. A. Fallout: The experiences of a tnedical team in
the case of’ Marshallese accidentally exposed to F~llout
radiation, Upton, NY: Brookhaven National Laboratory;
Report No. 46444: 1992.

Cronkite, E. P.; Bond, V, P.: Conard, R. A.; Shulman, N, R.;
Farr, R. S.: Cohn, S. H.: Dunham, C. L. Response of human
beings accidentally exposed to significant fall-out r~diation.
JAMA 150:430:454; 1955.

Cronkite, E. P,; Bond V, P.: Dunhatn, C. L. Some effects of
ionizing radiation on human beings: A report on the
Marshallese and Americans accidentally exposed to radia-

July 1997, Volunle 73, Number I

tion from fallout and a discussion of mdiation injury in the
human being. Washington, DC: U.S. Atomic Energy Com-
mission, 1956.

Cronkite, E. P.; Bond, V. P.; Conard, R, A. Medical effects of
exposure of human beings to fallout radiation frotn a
thermonuclear explosion. Stem Cells. 13:49–67; 1995.

Defense Nuclear Agency. Vol. 1. Radiological safety. Opera-
tion Castle Final report. Headquarters Joint Task Force
Seven. Washington, DC: Defense Nuclear Agency; 1985.

Lessard, E.; Miltenberger, R.: Conard, R.; Musolino, S.; Naidu
J.; Moorthy, A.; Schopfer, C, Thyroid absorbed dose for
people at Rongelap, Sifo and Utirik, Upton, NY:
Brookhaven National Laboratory; BNL 51882 UC-48, Bio
Med TIC 5400;” 1985.

Lisco, H,: Conard, R. A. Chromosome studies on Marshall
Islanders exposed to fa]lout radiation. Science 157:445–
447; 1967.

Robbins, J.; Rail, J. E.; Conard, R, A. Late effects of radioio-
dine in F~llout. Ann. Intern. Med. 66: 1214-1242; 1967.

Sutow, W. W,; Conard, R. A. The effects of fallout radiation on
Marshallese children in Radiation Biology of the foetal and
juvenile mammal, Proceedings of the 9th Annual Hanford
Biology Symposium. 1969.

Radiobiological assessment for resettlement of Rongelap in the
Republic of the Marshall Islands, Washington. DC: Na-
tional Academy of Sciences Press; 1994.

Weisgall, J. Operation Crossroads. Annapolis. MD: Naval
Institute Press; I994.

■ m



Paper

MORTALITY OF VETERAN PARTICIPANTS IN THE

CROSSROADS NUCLEAR TEST*

J. Christopher Johnson, Susan Thaul, William F. Page, and Harriet Crawford*

Abstract—Operation CROSSROADS, conducted at Bikini
Atoll in 1946, was the first post World War H test of nuclear
weapons. Mortality experience of 40,000 military veteran
participants in CROSSROADS was compared to that of a
similar cohort of nonparticipating veterans. All-cause mortal-
ity of the participants was slightly increased over nonpartici-
pants by 5% (p < .001). Smaller increases in participant
mortality for all malignancies (1.4YG,p = 0.26) or leukemia
(2.0%, p = 0.9) were not statistically significant. These results
do not support a hypothesis that radiation had increased
participant cancer mortality over that of nonparticipants.
Health Pbys. 73(1):187-189; 1997

Key words: Marshall Islands; health effects; radiation, low-
Ievel; mortality

INTRODUCTION

IN NOV~MHF:~ 1983, the Congress of the United States
passed Public Law 98-160 that directed the Veterans
Administration (VA) to provide for the conduct of
epidemiological studies of the long-term adverse health
effects of exposure to ionizing radiation from detonation
of nuclear devices. In response, the Medical Follow-up
Agency (MFUA), then in the Commission on Life

* Medical Follow-up Agency. Institute of Medicine, National
Academy of Sciences, 2 1()1 Constitution Avenue NW, Washington.
DC 20418.

‘ This summary is excerpted by permission of the National
Academy Press (NAP) from Johnson, J. C.; Thaul, S.; Page, W. F.;

Crawford, H. Mortality of veteran participants in the CROSSROADS
nuclear test. Washington, DC: National Academy Press; 1996.

‘ This study wfis funded by Department of Veterans Affairs (VA)
contracts [V I01(93)P143 I and V101(93)Pl 165], which were co-
funded by the Defense Special Weapons Agency (DSWA). We are
appreciative of their support. The DSWA also provided indispensable
information about the ptirticipants in Operation CROSSROADS study
from their Nuclear Test Personnel Review (NTPR) database. In
addition to funding, the VA has provided support in ascertaining the
mortality of the cohort. Members of the IOM CROSSROADS study
committee included: Rich~rd B. Setlow, Chair, Brookhaven National
Laboratory, Gilbert W. Beebe, National Cancer Institute, Richurd L.
BoyIan, National Archives and Records Administration, Daniel H.
Freeman, Jr,, University of Texas Medical Branch, Ethel S. Gilbert,
Nation~l Cancer lnstitote, Dennis F. Hoeffler, General Electric Light-
ing, Barbara S. Hulks, University of North Carolina, Chapel Hill,
Keith J. Schiager, University of Utah. and Seymour Jablon, National
Cancer [nstitute (through l/93).

(M<itll{.)cripr r<,cti~,t,~i17 M[lt-ch 1997: CI,tf]pted 10 April 1997 )
(M)17-9078/97/$3.()()/()
Copyright 0 1997 Health Physic\ Society

Sciences, National Academy of Sciences (NAS), pro-
posed to compare the mortality experience of veteran
participants in the CROSSROADS nuclear test to a
similar group of nonparticipants. Operation CROSS-
ROADS involved approximately 40,000 military person-
nel, mostly Navy, and occurred in July of 1946 at Bikini
Atoll in the Marshall Islands.

The VA convened an <1(/Jz[}cscientific committee to
review the NAS proposal, which recommended that it be
funded’t to “enlarge the growing body of information
relating to the effects of low levels of radiation on human
populations.” The study was begun in September 1986,
and, in 1988, a committee of the Institute of Medicine
was organized to provide guidance and advice to the
MFUA staff on the conduct of the study. The study was
interrupted by the untimely death of the principal inves-
tigator, Dennis Robinette, in 1992. In 1994, the study
was resumed culminating in the October 1996 publica-
tion of the report (Johnson et al. 1996).

MATERIALS AND METHODS

Mortality experience was evaluated for the approx-
imately 40,000 U.S. Navy personnel who participated in
Operation CROSSROADS, a 1946 atmospheric nuclear
test series that took place at Bikini Atoll in the Marshall
Islands (DNA 1984). To judge whether that mortality
experience was influenced by CROSSROADS participa-
tion, those personnel were compared to a control group
assembled to be similar to the participants in all ways
(age, paygrade, military service, time of service, location
of service) possible except for Operation CROSS-
ROADS participation.

A roster of CROSSROADS participants was assem-
bled and provided to the Medical Follow-up Agency
(MFUA) by the Nuclear Test Personnel Review (NTPR)
program of the Defense Nuclear Agency.+ A validation
study by MFUA examining other sources of information
regarding participant status” found that the final roster
captured between 93 and 99% of the military personnel
who participated in Operation CROSSROADS. The

! ln June 1996 the Defense Nuclear Agcncv became the Defense
Speci~l Weapons Agency.

‘1Comparisons were made with a roster Of CROSSROADS
participants from the National Association of Atomic Vetemns and a
roster compiled from direct solicitation of informtition from veterans
by MFUA.
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mortality data gathered from Department of Veterans
Affairs (VA) records were validated by sample compar-
isons with other national data sources. ‘1[By the study
cut-off date, 31 December 1992, 31.370 of the partici-
pants and 30.870 of the comparison cohort were known to
have died. Cuuse of death was available for 86.37c of the
participants and 89.3Yc of the controls.

Adjusting for remaining differences between the
cohorts in distributions of age and paygrade, we com-
pared. using proportional hazards analysis, the survival
times of the two groups (SAS Institute 1992). Because
available dosimetry data were not considered suitable for
epidemiologic analysis (IOM 1995), we based this study
on exposure surrogate groups. We looked at three prin-
cipal causes of mortality: all-cause, all-cancer, and leu-
kemia, hypothesizing that increases in the latter two
could result from rddiation exposure. For descriptive
purposes, we also compared mortality for participants
and the comparison group for 44 other disease categories.

RESULTS

Among Navy personnel, the primary analysis group
for this study, we found that participants at the CROSS-
ROADS nuclear test experienced higher mortality than a
comparable group of nonparticipating military controls.
The increase in all-cause mortality was 4.6% [relative
risk (RR) = 1.046, 957e confidence interval, 1.020-
1.074] and was statistically significant (~? < ().00 I ). For
malignancies, the elevation of mortality was lower—
RR = 1.014 (0.96– 1.068)—and was not statistically
significant (p = 0.26). Similarly, leukemia mortality RR
was elevated to 1.020 (0.75–I .39), but not significantly
(~} = ().9()) and by less than all-cause mortality. The
increase in all-cause mortality did not appear to concen-
trate in any of the disease groups we considered. Of the
44 other specific cancers and disease categories we
examined, there were no statistically significant increases
in mortality. The overall elevation of mortality r~te ratios
for malignancies and Ieukemias in the participants were
not statistically significant and, in fact, were lower than
for many other causes of death.

Navy mortality due to all malignancies and leuke-
mia did not vary substantially among our exposure
surrogate groups (i e., those who boarded target ships
after a detonation vs. those who did not, and those
enlisted personnel who had an Engineering & Hull
occupational specialty vs. those in other specialties).

Participants who boarded target ships were thought
to be more highly exposed than the rest of the participant
group. Relative to the controls (nonparticipating compar-
ison group), boarding participants experienced a 5.7%
increase in all-cause mortality, RR equal to 1.057
( 1.014-1. 10), p = 0.0093, whereas the nonboarders (less
exposed participant group) experienced a 4.3Yc increase
[RR = 1.043 (1 .015-I.073), /} = 0.0028]. Aside from

‘Mwe used data frc~m the Health Care Financing Administ~ati~n

and the Nati<mal Death Index, N;i(inn~l Center It)r Heulth Statistics.
All \tatisticul tests iire two-sided.

July 1997, Vf)lume 73, Number I

all-cause mortality, risks for boarding participants did not
significantly exceed those for controls for any of the
disease categories, and risks relative to controls were
similar for boarding and nonboarding participants. The
increase in risk for all-malignancies among the partici-
pants was 2.67o [RR = 1.026 (().94–1. 12),/? = ().55] for
boarders and 1% [RR = 1.01() (0.95-1 .068), /J = ().73]
for nonboarders. For leukemia, the increase in mortality
risk for boarders was 0.7% [RR = 1.()()7 (0.6 I–1 .66),
I) = ().98] and for nonboarders 2.4Yc [RR = 1.024
(0.737-1 .422), p = 0.89]. [n all cases the 95% confi-
dence intervals overlap, suggesting the difference be-
tween boarders and nonboarders could well be due to
chance.

Those Navy participants holding an Engineering &
Hull (E&H) occupational specialty were thought to be
more highly exposed to radiation than their non-E&H
counterparts. However, the E&H participants had essen-
tially the same risk of mortality from all causes as
non-E&H participants [RR = 0.99 (0.95– 1.038), p
=.8 I]. For all malignancies and Ieukemias, the rate r~tios
were somewhat higher, 1.051 (0.97–1.14) and 1.51
(0.94 –2.44), respectively, but both could be attributed to
chance Q} = ().25 and 0.088, respectively). Risk ratios for
leukemia and malignancies among E&H controls showed
a similar elevation relative to non-E&H controls, sug-
gesting that a factor specifically associated with CROSS-
ROADS was not likely to have been the cause,

DISCUSSION AND CONCLUSIONS

These findings do not support a hypothesis that
exposure to ionizing radiation was the cause of increased
mortality among CROSSROADS participants. Had radi-
ation been a significant contributor to increased risk of
mortality, we should have seen significantly increased
mortality due to malignancies, particularly leukemia. in
participants thought to have received higher radiation
doses relative to participants with lower doses and to
unexposed controls. We did not observe any such effects.
We note, however, that this study was neither intended
nor designed to be an investigation of low-level radiation
effects, per se, and it should not be interpreted as such.

In comparing the findings and methods employed in
this study with those of other investigations of atomic
veteran mortality (Robinette et al. 1985; Darby et al.
1988, 1993; Watanabe et al. 1995), we have identified a
possible self-selection bias in the participant cohort:
participants who died of a disease (particularly cancer)
may have been more likely than healthy participants to
have identified themselves to the NTPR, and hence
become a part of this study. Such a bias would have
resulted in an apparent increase in death rates among the
participants. We do not have data with which to make a
good quantitative estimate of this potential bias. How-
ever, the roster of participants is nearly complete, and
mortality from all malignancies and leukemia was lower,
not higher, than the increase in all-cause mortality. These
factors suggest that a self-selection bias was not entirely
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responsible for the finding of increased all-cause mortal-
ity in study participants.

The elevated risk of all-cause mortality in CROSS-
ROADS participants relative to a comparable military
comparison group is probably the result of two Factors.
The first is an unidentified factor, other than radiation,
associated with participation in, or presence at, the
CROSSROADS test. The second is a self-selection bias
within the participant roster. However, the relative con-
tributions of these two explanations could not be accu-
rately determined.
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Paper

THYROID DISEASE AMONG THE RONGELAP AND UTIRIK

POPULATION—AN UPDATE

Jean E. Howard, Ashok Vaswani, and Peter Heotis*

Abstract—In 1954, 253 Marshallese were accidentally exposed
to fallout radiation from the hydrogen bomb, BRAVO. The
Marshall Islands Medical Program (MIMP) was established
by the Department of Energy in 1955 to monitor and treat
radiation-related disease pursuant to this accident. Medical
teams from Brookhaven National Laboratory, a federal insti-
tution, regularly visit the Marshall Islands to give medical care
to the exposed population. The most significant complication of
the exposure bas been found to be thyroid disease due to the
ingestion of radioactive iodides from the fallout. In 1963 the
first thyroid nodules were found in Rongelap subjects and in
1969 in Utirik. Non-neoplastic adenomatous nodules were
associated with higher doses of radiation and neoplastic nod-
ules developed in individuals receiving lower doses of radia-
tion. Women were more susceptible to the development of
palpable thyroid nodules than men. In 1994 the MIMP initi-
ated examination of the thyroid by ultrasound to supplement
the clinical examination. One hundred and sixty-four patients
were evaluated. No significant differences were found in the
incidence of thyroid nodules or the mean nodule count between
the three groups of Rongelap and Utirik exposed and a
comparison patient population. There was no significant dif-
ference in the incidence of thyroid nodules in males vs. females.
Five exposed patients were referred for surgical excision of a
nodule detected only by ultrasound. These ultrasound findings
are unexpected in that females are known to have a higher
incidence of thyroid disease than males and we expected that
the incidence of ultrasound nodules would be higher in the
exposed population.
Health Phys. 73(1):190-198; 1997

Key words: thyroid; radiation effects; fallout; Marshall ls-
Iands

INTRODUCTION

THI; MARSHAI,L. Islands are located in the eastern part of
Micronesia just north of the equator. They became the
site of post-World War 11testing of nuclear devices from
1946 until 1958. On 1 March 1954, a thermonuclear
device, BRAVO, was detonated on Bikini atoll. An
unexpected change in the wind direction resulted in the
distribution of fallout over the inhabited atolls of

* Medical Deptirtment, Brookho\en National Lah<)rat{>ry, Upton,
NY I 1973-5000.

(Mc~tl~/script recc~i~,ecl 3 I J(1t7L1c1)T1996; r(, ~,i,~c,dtntt~ti{.rcripr rc,-
cei~,ecl 9 Oct{]her 1996, <Iccepttd 9 Mur[lz 1997)
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Rongelap and Utirik as well as American military per-
sonnel and Japanese fishermen on board a vessel, The
Lucky Dragon. Details of the accident and its acute effect
on the Marshallese were published by Cronkite et al.
( 1955). The exposed Marshallese population originally
was comprised of 64 persons on Rongelap Atoll who
received on the average an estimated 190 cGy ( 1 cGy =
I rad) of whole body external gamma radiation, 18 on
nearby Ailingnae Atoll who each received I 10 cGy, and
159 on Utirik Atoll who each received I 1 cGy. Three
women on Rongelap, one on Ailingnae, and eight on
Utirik were pregnant at the time of exposure. Fallout
material settled in the area, particularly on thatched
roofs, open water cisterns and food. It contained signif-
icant quantities of r~dioactive iodides, which were in-
gested by the population. Therefore, the dose to the
thyroid gland was much greater than the whole body
dose, the magnitude of which was a function of age and
gender as well as island (Lessard et al. 1985). Rongelap
Atoll was maximally exposed and the estimated average
dose to the thyroid was as high as 5,200 cGy in a I-y-old
child and as high as 1,300 cGy in an adult female. As a
consequence, thyroid disease is the main complication of
the exposure to the F~llout.

The Marshallese were initially examined and treated
by physicians of the U.S. Navy. The following year in
1955, the Marshall Islands Medical Program (MIMP)
was established at Brookhaven National Laboratory
(BNL). Its purpose is to monitor and treat the exposed
Marshallese for radiation-related illness. In 1957, a
comparison group (defined below) was selected on an
age- and sex-matched basis (Conard et al. 1958).

Recently in the program, clinical examination of the
thyroid has been supplemented by thyroid ultrasound and
many more thyroid nodules have been detected in the
Marshallese population by this modality. The analysis of
the results of both methodologies of examination is
presented below.

MATERIALS AND METHODS

Since the inception of the program, patients have
been given a comprehensive physical examination on an
annual basisi” and a follow-up examination as indicated at
6-mo intervals following the guidelines of the American

‘ Utirik patients were initially examined less t’requently.
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Cancer Society for cancer surveillance. Between 1964
and 1990, all palpable thyroid nodules were surgically
resected.

For this study three subject groups have been de-
fined: Rongelap (comprised of Rongelap and Alingnac),
Utirik, and comparison. The Ron,gelap and Utirik groups
consist of those individuals living on Rongclap and
Utirik, respectively. at the time of the accident and
therefore exposed to fallout. There were in 1954, 86
Rongelap exposed individuals and 167 Utirik exposed
individuals thus making a total of 253 exposed individ-
uals. The comparison population is comprised of
Rongelap individuals who were not living on Rongelap
at the time of the accident and therefore were not exposed
to fallout. This group was originally selected principally
from Rita on Majuro Atoll in 1954 and consisted of I 15
Marshallese originally from Rongelap (Conard et al.
1980). They were age- and sex-matched for the exposed
population. By 1957, attrition by emigration required the
addition of other unexposed Rongelap Marshallese to
provide an adequate number of patients for this compar-
ison population. The total comparison population even-
tually under examination comprised 227 individuals. The
Rongelap exposed individuals as well as the comparison
group were repatriated back to Rongelap three years after
the accident. In 1985 they were relocated again off
Rongelap. The Utirik group was repatriated back to
Utirik 3 mo after the accident and has remained on
Utirik.

In 1965, 2 y after thyroid nodules were first detected
in the Rongelap exposed population, administration of
thyroxine for the purpose of suppression of the develop-
ment of thyroid nodules in this group was begun.
Subsequently, this therapy was extended to the Ailingnae
exposed population. Utirik patients to date are not
routinely managed with thyroxine suppression. Use of
thyroxine in these individuals and in the comparison
population is by clinical indication only. Compliance
with the regimen has been variable.

At the beginning of 1994 there were remaining of
these three patient populations 54 Rongelap exposed
individuals, 86 Utirik exposed individuals, and 109
comparison individuals. That year ( 1994) thyroid ultra-
sound was initiated as part of the examination procedure.
An experienced endocrinologist, who was unaware at the
time of examination of any ultrasound results, performed
the clinical examination of the thyroid. All exposed
patients who presented themselves for examination un-
derwent thyroid ultrasound in the spring 1994 mission.
For the fall 1994 mission this selection criteria was
expanded to include the comparison population as well.
That year ultrasound was performed on 47 Rongelap
exposed persons, 70 Utirik exposed persons, and 47
unexposed comparison patients for a total 164 patients,
including surviving surgical patients. These patients had
undergone a partial thyroidectomy for benign disease or
usually a total thyroidectomy for malignant disease.
Thus, the percent of the available population who under-
went ultrasound was 87Ye of Ron.gelap exposed, 8170 of

Utirik exposed, and 43Yc of the comparison unexposed.
The mean age of this examined exposed population in
1954 was 1I.3 y, standard deviation (SD) 11.3. Thus, the
mean age of this population at the time of their ultra-
sound was approximately 5 I y. Ultrasound examinations
were performed with the subject’s neck in an extended or
neutral position with a General Electric’l” RT 3200 Ad-
vantage II in real time using a 7.5 MHz linear array
transducer.

Based on the criteria discussed with Jacob Robbins
of the National Institutes of Health, who has been a
consultant to the MIMP (Jacob Robbins, personal com-
munication), any patient having a nodule with the great-
est dimension at least 1 cm, or at least ().5 cm when
features sometimes associated with malignancy such as
hypoechegenicity or solid appearance are noted (James et
al. 1991 ), was considered for fine needle aspiration
(FNA). FNAs were performed under ultrasound guidance
using local anesthesia with a 22–25 gauge needle, de-
pending upon the preferences of the operator. The slides
were spotted with the aspir~te material and spread using
a second slide and then immediately fixed in methanol.
At least one slide was stained with a modified Wright
stain the day of the procedure for review by the endocri-
nologist. All slides were sent to MetPathll for formal
reading by its pathologist.

Thyroid stimulating hormone (TSH) assays were
performed using the IMx Ultrasensitive hTSH method of
Abbott Laboratories.* Thyroglobin levels were per-
formed by MetPath.i’

The histopathologic classification of thyroid nodules
surgically removed through 1989 (as a result of clinical
palpation ) is based on the diagnostic categories of the
World Health Organization (Hedinger et al. 1974) as
modified by Donald Paglia of the University of Califor-
nia Los Angeles in association with an expert panel of
pathologists (unpublished work). The histologic classifi-
cation of nodules surgically removed as a result of
detection by ultrasound in 1994 was performed by the
surgical pathology group of the Straub Clinic and Hos-
pital in Hawaii. FNA cytology was evaluated by the
surgical pathology group of MetPath.

Statistics were performed using standard non-paired
t-test and regression analysis.

RESULTS

Thyroid nodules—Clinical examination from 1955
to 1994

In 1963, two twelve-year-old Rongelap females
were found to have thyroid nodules on physical exami-
nation. Both of them underwent surgery the following
year for removal of the nodules. Final pathologic results
revealed adenomatous hyperplasia. In 1969 the first
Utirik inhabitant, an adult female, developed a thyroid

s GE Medical Systems, Milwaukee, WI 53201.
i Abbott L:Lb{~r~it~~rie\,Djagn{js[ics Di\isi(m, Abbott Park Illin(~is

60064.
I MetPatb, 1 M:llcolm Avenue, Teterb(~r(>,NJ 07608-”1070.”
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Table 1. Thyroid nodules diagnosed at surgery through 1990. Not included are the following urroperated (and therefore
uncontlrmed) nodules: Rongelap- l; Ailingnae— l; Utirik— 1: Conlpm-ison-5. [ncluded are all consensus di~gnoses
of a panel of consultant pathologists: two different lesions were detected in one person from Rongelop, one from
Ailingnae, and two from Utirik.

Adenmnatous Popilltiry Folticultir occult
m)drrlei Adcnomas c:mcerb c:urcers cancers

Rongelap (67):’ 17 ~ 5

Ailingmrc (19P’ 4 ‘1

U[irik ( 167)” 10 5 4 1’ m’

Comparison (227 )“ 4 I ~ q,1

‘lNurllberofperst)rls (including those iti l{l[,r~~tit the time ut’ exposure) \vho were nrigimrlly exposed.
'This nulnber incIudes allpers()ns wtlohave been inthec()[~lpari s(~ngr[)upsil)ce 1957, Smnehaven otbeenseenf ormany ycurs; clthers
were Jdded :]s recently as 1976. Nn thyrnid surgeries htivc been performed on this group since 1985.
‘Equally (Ji\ided opinion in nne CJSC:f(~tlicularcarcillom;i vs. atypical udenomil.
“Majority opinion in mle CUSC:occult popillar) c~rcinmn:] vs. f(~lliclllarcarcin(~ll~a. The stime potient htid Iymphocytic thyroiditis.

nodule; final pathologic diagnosis was follicular carci-
noma. The last time that a clinically palpable nodule was
detected in a Rongelap patient was in 1980 and by 1989
only one additional thyroid nodule had been detected in
a Utirik patient (a male in llfero at the time of exposure).
From 1989–1 994 there was a hiatus in the detection of
thyroid nodules by clinical examination. In 1994, one
nodule was detected in a Utirik exposed patient 5 y old at
the time of the fallout. An FNA performed on this patient
revealed benign cytology. She was not included in the
following tables and figures because she did not undergo
thyroid surgery.

Table I shows the thyroid surgery findings from
1964–1990 on these clinically palpable nodules. The
numbers and types of nodules in the comparison group
are also listed in this table. The sponsored program for
surgical exploration of palpated nodules in this group
was concluded in 1985. However, this group is the
comparison group and continues to be examined on a
regular basis (see Materials and Methods) and has the
same level of examinations in the Marshall Islands as do
the exposed population. One patient in this group devel-
oped a clinically palpable nodule in 1990. This was a
male age 60 y at that time. This nodule decreased in size
under the influence of suppressive Synthroid therapy and
is currently barely palpable.

Fig. Ia shows the incidence by year of surgically
removed, clinically palpable thyroid nodules in the ex-
posed patients, Note the delayed onset and late occur-
rence of thyroid nodules in the Utirik patients. Fig. 1b
shows the same cases expressed as a percent of the
population that remain susceptible to new nodule forma-
tion. The mean time between exposure and surgery was
16 f 6 y for Rongelap patients and for Utirik patients
was 25 t 5 y @ < 0.000 I ). The development of thyroid
nodules in the comparison population was similar to the
spontaneous occurrence of thyroid nodules reported in
nonexposed subjects (Maxon et al. 1977).

Mean total dose to the thyroid as reported by
Lessard et al. ( 1985) vs. the histologic type of nodule was
examined in 52 exposed patients who developed palpable
thyroid nodules between 1963 and 1990. In the Rongelap
group the mean total dose to the thyroid in subjects with

benign vs. malignant disease was 2,563 * 163 cGy and
1,630 ~ 498 cGy, respectively (p = .03). In the Utirik
subjects the same comparison of mean dose in benign vs.

‘~
7

6
I

5

4

3

2

1

0
1955 1960 1965 1970 1975 1980 1985 1990

u Rongelap _ Utirik

10

9

8

7

6

5

4

3

2

1

0
1955 1960 1965 1970 1975 1980 1985 1990

Q Rongelap 9 Utirik

Fig. 1. Surgically confirmed thyroid nodules, Rongelap and Utirik
exposed populations. (o) Surgical cases per year; (b) surgical cases
per year expressed as percent of the remaining susceptible popu-
]fition (remaining individu~ls at risk to develop their first nodule).



malignant was 278 ~ 150 cGy and 37 I 3 187 cGy,
respectively (]) = .4); the difference is not statistically
significant. Table 2 tabulates the breakdown of the
histologic type of nodule vs. the age at the time of
exposure. the mean thyroid dose (Lessard et al. 1985) and
the number of years between exposure and surgery in the
52 patients. The data suggests that the highest doses of
radiation resulted in the formation of adenotnatous-type
nodules in the Rongelap subjects. The radiation risk to
the thyroid was summarized in an earlier paper (Robbins
and Adams 1989). The authors concluded that the risk
coefficient for thyroid nodules, adjusted for their occur-
rence in the comparison population, was 8.3X 106 per-
sons per cGy y- 1. The risk coefficient for thyroid cancer
was 1.5x 10(’ persons per cGy y- 1.

As shown in Table 3 there was a higher incidence in
females for all categories of nodules Q? < 0.05). The
strong correlation between total absorbed dose and ear-
lier nodule development as shown in Fig. 2 was indepen-
dent of gender.

Thyroid ultrasound
The initiation of thyroid ultrasound resulted in the

detection of many occult nodules. None of the occult

Table 3. Distribution of thyroid nodule type by sex.”
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Fig. 2. Relation nf thyroid-absorbed d(>se tn time nt’ develt]pment
(>fsurgically c(~nfirmcd nodules. according to sex.

nodules detected by thyroid ultrasound were palpable by
the endocrinologist; however, there was one patient
(discussed above) who did not have an ultrasound on
whom a nodule was detected by clinical examination,
Table 4 shows the percentage of individuals in each
exposed group with thyroid nodules. A lower percent of
Rongelap patients developed thyroid nodules than either
the exposed Utirik patients and the comparison group.
The difference between the Rongelap and Utirik group
was statistically significant (p = .0089). There were
otherwise no significant differences between the groups.
However. when the subset of patients who had had
thyroid surgery prior to 1990 was removed there were no
longer any differences among the three groups. Table 5
shows the same analysis only for nodules greater than 10
mm in diameter showing again no difference among the
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Table 4. Percentage of subjects in each patient group with thyroid nodules.”

All ptiticnts Norr.surgic:ll p:uients’

N Percent N Percent

Rongelap 47 I 2.8 23 ?1.7
Utirik 70 32,g 55 30.9

Conlp:irisorr 47 2s.5 39 28,2

Total I 64 25 .() 117 28.2

“ Nodules detected only by ultr:isound.
“ Patients not subjected to thyroid surgery prior [o 1990

Table 5. Percent of subjects who bad nodules = I() mm in ditimeter.”

All p:~tients Non-surgic,d patients

N Percent N Percent

Rotrgclap 47 6.4 23 X.7
Utirik 70 [2.9 55 14.5
Conlparison 47 I().6 39 12.8

TorJl I 64 1().4 [17 12.8

“ Nndulc\ detected only by ul[rtisound

three groups. Table 6 shows the mean nodule count (the
sum of the number of nodules in the group divided by the
number of subjects in the group) in all groups, analyzing
the total number of patients as well as the group with the
surgical patients removed, showing that there were no
significant differences in the mean nodule count. Table 7
shows that regardless of whether the subjects were
comparison or exposed, the mean nodule count in those
subjects who had nodules greater than 10 mm was the
same. Table 8 shows all the above analyses in men vs.
women for the combined three groups showing that there
was no statistically significant sex difference.

The relation of the TSH to the nodule count in the
patients was evaluated in all patients who underwent
thyroid ultrasound. The results can be expressed by the
equation: nodule count = .382 – .00296 X TSH (r =
.05). Removing from the analysis patients who had had
surgical excision of their nodules on or prior to 1990 the
same equation is expressed as nodule count = .43965 –
.00886 X TSH (r = .01). The mean TSH on the 157
subjects was 4.25 t 12.32 pIU mL– 1 (the normal range
being ().32–5). Eighty subjects had been placed on
L-thyroxine (Synthroid therapy); however, compliance
with the medication regimen was variable and some
subjects were clearly hypothyroid accounting for the
upper normal mean as well as the large standard devia-
tion. Sixteen patients had a TSH level greater than five;

Table 6. Mean nodule count in all r)atient zrou~s.”

two of those patients ( 12.5%) had ultrasound detectable
nodules.

Radiation dose (Lessard et al. 1985) vs. nodule
count was also examined, again with and without the
above surgical group included. For all patients the nodule
count equaled .32075 + .00005 X the radiation dose in
cGy (r = .08). With the surgical patients removed the
nodule count equaled 3111 + .00018 X the radiation
dose (r = .22, ~? = .02).

Fine needle aspiration
A total of 18 patients—5 Rongelap exposed, I()

Utirik exposed, and 3 comparison patients— underwent a
total of 23 FNAs for nodules that were greater than I cm
in diameter or that had ultrasound characteristics associ-
ated with malignancy. Twenty FNA procedures were
performed for evaluation of nodules which were greater
than 10 mm in diameter. Three procedures were per-
formed for smaller nodules based on the criteria de-
scribed in Materials and Methods. In 20 procedures the
cytology results were of an insufficient quantity for
interpretation. Of the remaining 3 procedures, I cytology
result was indeterminant and called a follicular ne(}-
plasm; 1 cytology report was benign; and the other was
felt to be malignant by the interpreting pathologist.

The criteria for surgical removal of a nodule in-
cluded a size greater than I() mm in diameter or a nodule

-.
All pzi[icnts Non-surgical p[l(ients

N Mean ~ SD N Mean f SD

R(~rrgelap 47 ,277 .877 23 ,478 1.16
Utirik 70 .457 .736 55 .454 .765
Conrp~rison 47 .298 ,548 39 .307 ,5? ]

“ Nodules detected only by ultrasound,
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Table 7. Mean count of”nodules a I() tnnl in diatncter only in p:~tients whc) had nndules than grctiter than I() nltn in
dianleter.”

All patienls N(ln-\urgicll\ p~l[l~lll~

N Mean t SD N Mc:in z SD

RongelLIp 3 I .(}() 5.77 ~ I .()1 7.07

Utirik ~) l,?? .441 8 1.?5 .463

CtJnlpiirison 5 I .()() .332 5 I .(K) 447

Table 8. Percent nf ptlticnts whn h:ld nndules nf :Lnysize.” percent
of piltients with n(~dules ~ 10 nlnl in ditinlcter, in ;III p:ltients. and
with the surgic;ll patients rctnnved, cnnlparirrg wc)tnen vs. nlen.

All p:iticnts

N All IIOCIUICS N{)dule. a 1()

Worncn 92 20.7 X.70
bfen 7? 30.6 1?,5

Nt>ll-\Lll-giciilp~itictlt\

Wonlcn 60 23.3 [(),()

Men 57 33.3 15,8

“ Nodule\ dcleclcd ontyby Uil~JSOLIIld

less than 10 mm in diameter that had characteristics
suspicious for malignancy or multiple unsuccessful FNA
outcomes. On the basis of this criteria, six of these
patients underwent thyroid surgery. FNA cytology re-
sults were inadequate in four of these patients; onc result
was indeterminant (follicular neoplasm); the remaining
patient had cytology results interpreted as being malig-
nant. One of the six patients underwent surgical explo-
ration for a nodule less than I() mm in diameter, and this
was the patient who had the indeterminant FNA result.
Final histologic diagnosis on the six patients were one
with a hemorrhagic cyst, two with adenomatous goiters
(including the one with the pre-surgical diagnosis of
malignancy), two with follicular adcnomas (including the
one with the indeterminant cytology), and one with
adenornatous hyperplasia with an occult papillary carci-
noma. The thyroglobulin on this last patient was within
normal limits. Of the five patients who had thyroid tissue
found at surgery. tour were Utirik patients tind one was a
Rongelap patient.

DISCUSSION

The occurrence of clinically palpable thyroid dis-
ease in the radiation exposed population of our study is in
agreement with other published data (Sugenoya et al.
1995; Nagataki 1994; Williams 1994; Kazakov et al.
1992; Baverstock et al. 1992; Souchkevitch and Repa-
choli 1994), although there is one study of the Chernobyl
population (Mettler et al. 1992) that suggests that the
prevalence of thyroid nodules was the same in population
samples from highly contaminated and control settle-
ments and was similar to the results of unexposed
populations in other countries. The development of
palpable thyroid nodules in the comparison population is

I 1)5

similar to the spontaneous thyroid nodule incidence
reported elsewhere (Mtixon et al. 1977). The ratio of
benign to malignant disease as shown in Table 2 is
comparable to that presented by DeGroot et al. ( 1983)
who found a ratio of benign to malignant lesions of
approximately 3: I in an irrtidiated population. The Utirik
population had ratios of 3.5: I and 6.5:1 in age groups <
1() y and > 10 y, respectively (at the time of exposure).
Of note, the Rongelap patients over the ugc of 10 y at the
time of exposure had a ratio of benign nodules to
malignant nodules of only 1.25:1. These patients re-
ceived a mid-range thyroid radiation dose. By contrast,
the Rongelap patients who were less than 10 y at the time
of exposure had a very high ratio of benign to malignant
nodules of 18:1. This suggests there was a relatively low
probability of malignancy in persons whose dose ex-
ceeded 2.000 cGy. This is consistent with the concept
that with high radiation doses to the thyroid the incidence
of carcinoma is decreosed due to extensive cell death
which leaves few cells capable of becoming neoplastic
(National Research Council 1990).

The mean time of development of benign nodules
compared to the time to development of thyroid cancer
between radiation exposure and surgery for the specified
groups was remarkably similar. This similarity was
independent of age or the use of thyroxine suppression
and suggests benign lesions and malignant ones evolve
simultaneously. Ron ct al. ( 1989) tilso noted this simi-
larity in time from radiation exposure to development of
nodules regardless of histologic type.

Our findings show that sex was a F~ctor in the
development of palpable nodular thyroid disetise. Table 3
showed a female preponderance for all histologic ctite-
gories of nodules. These findings are similar to those of
Shore et al. ( 1985) who found that the risk of develop-
ment of both benign and malignant thyroid disease was
increased for females. Mettler et al. ( 1992) also found an
increased incidence of thyroid disease in the females of
the Chernobyl population although that group did not
find an overall increased incidence of thyroid disease in
the contaminated settlement vs. the control settlement.

Thyroid ultrasound has become an increasingly
utilized modality for the evaluation of thyroid disease
(Rojeski and Gharib 1985: Brander et al. 1989; Br~nder
et al. 1991; Watters et al. 1992; Gooding 199?). Ultra-
sound guided fine needle aspiration of the thyroid gland
is also being increasingly utilized (Sanchez et al. 1994;
Cochand-Priollet et til. 1994). In our study we found a
correlation between rddiation exposure and the potential
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for presence of nodules only on the non-operated sub-
jects. Since age directly affected the radiation dose to the
thyroid (younger p~tients received higher doses of radi-
ation than older patients). it was not possible to indepen-
dently evaluate the effect of age on nodule formution. By
contrast, in our analysis of the three subject groups we
did not detect a significant difference between the ex-
posed population of Rongelap :ind Utirik and the com-
parison popul~tion in the incidence of thyroid nodules

nor WC did detect a difference in the mean nodule counts
among the three groups. That the incidence of thyroid
nodules greater than 1() mm is equal in all three groups is
a finding of significance in that larger nodules are felt to
have a greater potential of being clinically significant.
None of these nodules were clinically palpable by an
endocrinologist who WLISunaware of the results of the
ultrasound examination. Our patient population was ex-
amined by ultr~sound for the first time 40 y after the
exposure to radiation. Mettler et al. ( 1992) examined the
Chernobyl population approximately 4 y after the time of
exposure and did not detect an increased incidence of
either palpable or ultrtlsound detected nodules in the
contaminated population vs. the control settlement. By
comparison. Nagataki et al. ( 1994), who examined Na-
gasaki atomic bomb survivors 42 y uftcr exposure, found
an increased incidence of thyroid nodules both benign
and malignant. However, it is unclear from their analysis
whether the increased incidence was a function of clini-
cally palpable nodules or ultr~sound detectable only
nodules or both. They also did not state the percent of
clinically detectable nodules of the total number of all
nodules (by ultrasound and palpation). Souchkevitch and
Repacholi ( 1994) also report an increased incidence of
thyroid nodules in the Chernobyl population. Their
patients were evaluated both by clinical palpation and by
thyroid ultrasound. Again, it is unclear from their report
which significant lesions were detected by ultrasound
only vs. which ones were in addition clinically palpable.

Our overall percent of patients who had ultrasound
detectable thyroid nodules (with the surgical patients
prior to 1989 removed from evaluation) was 28.2%. This
finding is in agreement with the findings of Brander et al.
( 199 I ). Mettler et til. ( 1992), by contrast, determined a
lower percentage of detectable nodules by thyroid ultra-
sound in the Chernobyl population, the incidence of the
contaminated vs. the control settlement being 17.9?c and
19%, respectively. An even lower percent 01 thyroid
nodules ( 13.47P) incidentally detected by ultrasound was
reported by Carroll ( 1982). By contrast, an autopsy study
by Mortensen et til. ( 1954) demonstrated nodules in 507.
of subjects studied.

Both Brander ct al. ( 199 I ) and Mettler et al. ( 1992)
found an increased incidence of ultrasound-detected
thyroid nodules in women compared to men in contra-
distinction to our finding where the incidence of nodules
in women was actually slightly less than that of men and
the difference was not statistically significant. Brander et
al. in a separate publication ( 1989) found that the
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incidence of thyroid nodules in a random screen of a
femule population to be 35.6%.

The role of thyroxine suppression in the prevention
of nodular thyroid disease is not clear (Rojeski and
Gharib 1985). Wc found no difference in the TSH and
the nodule formation in our patient population. However,
most of our TSH values were either normal or only
mildly elevated. Also. thyroxine suppression was initi-
ated 10 y after exposure. One could speculate that if more
of our patients had had markedly elevated TSH values, or
if suppression had been initiated at exposure. the results
might have been different.

Of interest is the findings of the Rongelap exposed
population. This group of individuals had a lower inci-
dence of ultr~sound-detected thyroid nodules overall.
Once the patients who had undergone thyroid surgery
prior to 1990 were removed from the analysis, the
incidence of thyroid nodules was not statistically signif-
icantly different from that of the other two patient
groups. This suggests that removal of the thyroid gland
reduces the risk of development of recurrent thyroid
nodules. This is consistent with the findings of Fogclfield
et al. ( 1989) who found that the risk of recurrence
correlated inversely with the amount of thyroid tissue
removed. After 1989, only one patient developed a
clinically palpable thyroid nodule (in 1994) and this wos
benign. This tendency is consistent with the observations
of Fig. 1b, from which it can be predicted that approxi-
mately 2% of the Utirik population tit risk would develop
thyroid nodules by 1994. Thus it appears that the devel-
opment of clinically palpable thyroid nodules is dimin-
ishing with time although it is not altogether zero.

FNA of non-palpable nodules that were detected by
ultrasound was performed 23 times. Our experience was
that most of the time (in 20 ctlses) the FNA yielded
insufficient quantity for interpretation. This is contradis-
tinction to the experience of Rosen et al. ( 1993) and
Cochand-Priollet et al. ( 1994) and Sanchez et al. ( 1994),
all of whom had u rate of yield of adequate material for
diagnosis ranging from 60 –96.2~c. However. it should be
noted that the conditions under which the ultrasound
FNA’s of this study are conducted are in a suboptimal
clinical setting.

Of the six patients who underwent surgery after
ultrasound nodule detection, only one was found to have
a malignancy and this was occult, The thyroglobulin was
not a useful predictor of the presence of carcinoma in this
patient. This patient was one of the 20 who had inade-
quate FNA cytology. The surgery was performed on the
basis of a thyroid nodule that was a complex, cystic mass
incretising in size. The one patient who had a diagnosis of
malignancy by FNA was found to have an ~denomatous
goiter. The patient who had a diagnosis of a follicular
neoplasm had a follicular adenoma.

McHenry et al. ( 1993) retrospective y reviewed 411
patients with palpable nodular thyroid disease and con-
cluded that persistent nondiagnostic cytology wus a
limitation of FNA. They suggested that patients’ FNA’s
should be repeuted and that surgical treatment of persis-
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tent nondiagnostic cytologies in a dominant nodule was
indicated for the male patient or in the situation of
radiation-associated thyroid disease or failure of 6 mo of
thyroxine suppression. It should be emphasized that this
was for palpable nodules. However, in our patient pop-
ulation all the ultrasound detected nodules which under-
went FNA were nonpalpable. Thus we cannot necessarily
make a correlation between our results and future clinical
management in our patients and those of McHenry et al.
We feel that in our patient population, our experience
with FNA of ultrasound detected nodules is too limited to
draw conclusions at this time.

In one study occult thyroid carcinoma was found in
2.8% of routine autopsies (Mortensen et al. 1954).
Fifty-five percent were low grade papi Ilary carcinoma,
which generally has a benign course. Another study
showed an even higher autopsy incidence of occult
papillary carcinoma of 307c (Harach et al. 1985). There-
fore, the clinical implications of having found a surgi-
cally determined occult papillary carcinoma by thyroid
ultrasound is unclear.

There has been no mortality in our Marshallese
patients due to thyroid carcinoma. Papillary carcinoma,
the histologic type of thyroid carcinoma associated with
radiation. is considered to have a relatively benign
course. Schneider ( 1990) and Schneider et al. ( 1986)
conclude that the course of r~diation-induced thyroid
cancer is the same as that of thyroid cancer found in other
clinical settings. He therefore recommends conservative
management of small nodules that are either barely
palpable or not palpable and detected only by scintigra-
phy or ultrasonography. However, since thyroid nodules
and thyroid cancers continue to develop in this clinical
setting he recommends periodic examination of the
thyroid, especially in an older population in which
thyroid cancer is felt to be more aggressive. He is in the
process of evaluating the role of thyroid ultrasound in the
continuing surveillance of the irradiated patient.

In conclusion, the incidence of palpable thyroid
nodules was increased in a Marshallese population
whose thyroid glands were exposed to radiation. The
thyroid gland of the women was more susceptible to
radiation induced palpable nodules than men. By con-
trast, there was no difference in thyroid modularity as
evaluated by ultrasound in radiation exposed groups vs. a
comparison population; nor was there any difference
between males vs. females examined by ultrasound. The
regression analysis, being more sensitive, may have
detected more subtle differences in nodu!arity vs. radia-
tion dose. However, this analysis is affected by the
inseparable variable of subject age at exposure. Perhaps
the age of our population resulted in a “levelling out” of
the incidence of thyroid nodules in the exposed vs. the
comparison population and women vs. men. If thyroid
ultrasound had been available and been performed in the
Marshallese shortly after the accident, the incidence and
distribution of thyroid nodules might have been different.
However, since there were no deaths in this population
related to thyroid cancer, early detection by ultrasound

could not have altered that outcome. The implications of
these findings are unclear. Therefore, although none of
our patients who underwent surgery as a result of thyroid
ultrasound had overt malignancy, we will continue to
assess the efficacy of thyroid ultrasound as an adjunct to
the physical examination and the ongoing evaluation of
thyroid disease in the increasingly aging Marshallese
population.
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AN INVESTIGATION INTO THE PREVALENCE OF THYROID

DISEASE ON KWAJALEIN ATOLL, MARSHALL ISLANDS

T. Takahashi,* K. R. Trott,”l” K. Fujimori, * S. L. Simon,’t H. Ohtomo,* N. Nakashima,*

K. Takaya, * N. Kimura, * S. Satomi, * and M. J. Schoemaker”t

Abstract—The prevalence of thyroid nodules and thyroid
cancer was studied in the indigenous population residing on
Ebeye Island, Kwajalein Atoll, in the Republic of the Marshall
Islands. This island, centrally located in the nation, is home to
about 2570 of the nation’s population, many who have mi-
grated there from other atolls. The objective of the study was
to obtain thyroid disease rate statistics on as much of the
population as possible that was alive during the years of
nuclear testing and to test the hypothesis that described a
linearly decreasing prevalence of palpable nodules with in-
creasing distance from the Bikini test site. 1,322 Marshallese
born before 1%5 were given a thyroid examination using neck
palpation, fine needle aspiration biopsy, and high resolution
ultrasound imaging. Approximately 40~o of the total popula-
tion living on this island who are at risk from exposure to
radioactive fallout during the years 1946-1958 were screened.
Of that group, 815 were alive at the time of the BRAVO test on
1 March 1954. Two hundred sixty-six people with thyroid
nodules were found (32.6Yo ): 132 were palpable nodules
(16.2% ), and 134 were nodules that could be diagnosed with
ultrasound only (15.7% ). Prevalence of palpable nodules was
particularly high in men and women older than 60 y, in men
who were 6 to 15 y of age at the time of the BRAVO test, and
in women 1 to 10 y of age at the time of the BRAVO test. In 22
people, the clinical diagnosis was most likely cancer though
histopathological evidence was only available from 11 operated
cases. Of the 11 operated cases, 10 were cancer. Cancer
prevalence was particularly high in those women born between
1944 and 1953 (7/220 = 3.27.), i.e., who were children during
the early years of nuclear testing. The Ebeye data showed a
marginally significant correlation between palpable nodule
prevalence among women and distance to Bikini (r = –0.44,
p = 0.06). This report summarizes the clinical findings of the
thyroid examinations, the age distributions for nodular disease
and cancer, and examines the relationship between prevalence
of nodules and present day levels of ‘-+7CSin the environment
of each atoll.
Health Phys. 73(l): 199-213; 1997
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INTRODUCTION

THE U.S. atomic weapons testing program in the Pacific
conducted between 1946 and 1958 resulted in contami-
nation of a number of atolls in the Marshall Islands to
various degrees (Simon and Graham 1997). The most
serious radiation exposures were caused by early radio-
active fallout from the test, Castle BRAVO, a hydrogen
bomb detonated on Bikini Atoll on I March 1954. The
radioactive fallout was intense on the inhabited atoll of
Rongelap (175 km to the E of Bikini) resulting in thyroid
exposures estimated between 10 and 40 Gy for an adult
and between 50 and 200 Gy for a 1-y-old child (Lessard
et al. 1985). Lower exposures were received on the atolls
of Ailinginae (about 30Yc of the value at Rongelap) and
Utrik (about 10% of the value at Rongelap). The exposed
communities on these three atolls were evacuated, treated
for acute radiation illness, and provided with follow-up
medical care and cancer surveillance over the decades
since (Conard 1984; Adams et al. 1989). The most
significant long-term health effect in the exposed popu-
lation was an increased frequency of thyroid nodular
disease including thyroid cancer, which has been attrib-
uted to intake of short-lived radioiodines immediately
following the BRAVO detonation.

There is historical evidence to indicate that residents
of other atolls may have been exposed to radioactivity in
local fallout from the BRAVO test as well as from other
explosions. In particular, fallout data were collected on
Kwajalein Atoll (located about 400 km SE of Bikini)
using gummed film as part of the worldwide fallout
monitoring network of the AEC Health and Safety
Laboratory. Gummed film data (measurements of beta
activity collected within successive 24-h periods) during
the years 1954 through 1958 (Harley et al. 1960) show
that all eighteen of the large Marshall Islands tests (those
> I MT explosive yield) were detected at Kwajalein at
about 100 X the background radiation level (Simon and
Graham 1996). Presumably, other mid-latitude atolls in
the Marshall Islands received similar amounts of early
fallout as did Kwajalein.

The contamination on all of the atolls, consisting of
mainly 137CS, has recently been assessed by the Marshall
Islands Nationwide Radiological Study and reported
(Simon and Graham 1994, 1997) including calculations
of external exposure-rates and ingestion doses under
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various dietary scenarios. The radiological data indicate
that 10 of the 24 inhabited atolls or separate reef islands
have environmental levels of 137CS enhanced over the
level of global fallout received in the mid-Pacific region.
Many of these locations are only minimally enhanced in
137CS, which has not contributed any dangerous exposure
over recent decades. However, the extent of exposure of
the Marshall Islands population to radioiodine during the
testing years has never been assessed. Moreover, little
information exists about health consequences among
residents of the many atolls other than Rongelap and
LJtrik.

Only a single health effects study prior to this one
examined Marshallese at numerous locations from
around the Marshall Islands. In a report by Hamilton et
al. ( 1987) it was suggested that thyroid nodular disease,
as diagnosed by palpation of the neck, was frequent in
residents of many atolls from throughout the Marshall
islands. In that study, an increased prevalence was noted
at distances closer to the Bikini test site with a linear
decrease in prevalence with increasing distance. The
Nationwide Radiological Study (Simon and Graham
1996) and a Marshall Islands Government appointed
Advisory Panel (McEwan et al. 1997) recommended to
the Marshall Islands Government in 1990 that an inde-
pendent thyroid screening study should take place and
that the hypothesis of Hamilton be independently tested.
Subsequently, a nationwide thyroid disease screening
program was initiated to gather data useful for such an
evaluation and also for the purposes of advising the
Marshall Islands government on the current health situ-
ation with respect to thyroid disease. Of all the conditions
for which claims for damages are made to the Marshall
Islands Government, thyroid disease is the most common
and for that reason it is of interest to the Ministry of Health.

The specific objectives of the thyroid disease
screening program were ( I ) to examine and gather data
on the frequency of thyroid disease (both nodular and
cancerous conditions) and information about the subjects
residence history in as large of proportion as possible of
those Marshallese alive at the time of the BRAVO test
and during the years of atomic testing, (2) to advise the
Government of the Marshall Islands on the findings from
the medical screening program, and (3) to test the
hypothesis of Hamilton. The long term goals of the
investigators also include estimating thyroid radiation
exposures using historical and contemporary data.
though those analyses are still underway and are beyond
the scope of this report. The objective of this paper is to
report a summary of the medical findings from exami-
nations conducted on Kwajalein Atoll from January to
March 1993 and during follow-up examinations in 1996
and the results of statistical hypothesis testing of the
Hamilton hypothesis using the thyroid screening data.

METHODS

Location and study population
Most of the thyroid examinations were conducted in

the Ebeye Hospital, located on Ebeye Island in Kwajalein
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Atoll. Kwajalein, the largest atoll in the world, is cen-
trally located in the Marshall Islands about 400 km SE of
Bikini Atoll and is used as an U.S. Army missile test
range. Ebeye Island is located about 15 km N of the
Army base, which is the southern most island in the atoll.
Ebeye is home to over 12,000 Marshallese, about one
fourth of the total Marshall Islands population today. The
population of Ebeye is known from national census data
to be a mixture of former residents of atolls that are
located over the entire geographic range of the Marshall
Islands. Many of the people examined in Ebeye also
lived there at the time of the BRAVO test. The remaining
persons lived on 20 other atolls. Because Ebeye has jobs,
goods and services not existent on more remote atolls,
many Marshallese have migrated there for semi-permanent
or permanent residence. The population of Ebeye includes
Marshallese from a variety of locations throughout the
chain of atolls; therefore, it provided an excellent location
for the first phase of thyroid examinations.$

The main source of exposure of Marshallese is
believed by many to have been the BRAVO test; hence,
those Marshallese alive at the time of the test are usually
considered most at risk for radiogenic disease. In the
original design of this study, consideration was given to
using Marshallese born within 10 y after the testing era as
control subjects. They would be the only population
available that had been screened for thyroid disease and
were genetically and culturally similar to the exposed
population. Though not a perfect control group because
of differences in age, subjects who were born up through
the 10-y period following the testing era, i.e., with dates
of birth before 1968, were originally invited for exami-
nation. Although we sought persons in the age range
described, we did not reject anyone requesting a thyroid
examination.

After the original study design was implemented,
historic deposition data were located that influenced our
choice of primary study cohort. The gummed film data
collected during the Castle and Ivy series ( 1954–1958)
indicated there had been deposition of regional fallout on
Kwajalein from other large tests in the Marshall Islands,
thereby suggesting that Marshallese might have been
exposed from events other than BRAVO. Consequently,
all Marshallese who had already been examined and who
were itz-l~tero or alive any time during the weapons
testing years, i.e.. before the last test on 11 August 1958,
were considered at risk. The primary analysis reported
here, however, is for the cohort alive at the time of the
BRAVO test (termed as the Ebeye “BRAVO cohort”) so
that a comparison can be made with the study by
Hamilton et al. ( 1987). We have defined a group of
secondary interest as all those Marshallese who were
born before 1 March 1959. We have termed this group
the “End of testing” cohort or EOT cohort. Finally, those

$ A ~econd phase ~)f thyroid examinations were held In 1994 in

Majuro, the capital city, however, those data are no( reported here, The
second phase of examinations should not be confused with the
follow-up examinations of the Ebeye population in 1996 which are
discussed in this paper,
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individuals who presented themselves for examination
but who were born between I March 1959 and 31
December 1964, were termed the Ebeye “After testing”
cohort or AT cohort.

It was of interest in this study to attempt to deter-
mine if there was a relationship between prev~lence
among residents of each atoll at the time of the testing
and the location of residences. Because the testing period
lasted for 12 y, long enough to allow families to move
among locations, the issue of residence and exposure is
complex and requires a complete residence history and
dose reconstruction for each subject. Although such work
is in progress, in this report only the residence at the time
of the BRAVO test is examined and all analyses are
conducted with respect to that residence location. The
rationale behind this methodology is to make this com-
parison as consistent as possible with the methods of
Hamilton et al, ( 1987). in that study, residence location
was used as proxy variable for exposure to short-lived
radioiodines.

Examinations
The thyroid screening investigation was composed

of two components: a personal interview and a clinical
examination. The interview was conducted by Marshall-
ese assistants in their native language. The most impor-
tant data collected in the interviews were a complete
residence history from birth until the examination date, a
brief health history, a fertility history for women, and
brief data on food and diet preferences. The residential
history data were collected with the intent of later using
them in calculations to determine radiation exposure.

Each study subject was examined sequentially by
two endocrine surgeons highly trained in the use of
ultrasound and palpation. Each physician administered
either a palpation or ultrasound exam, and each was
initially blinded to the findings of the other as well as to
the interview findings. Physicians alternated in their
assignment to perform ultrasound or palpation.

The physical examination performed by one of the
two doctors incIuded a brief medical interview (with the
help of a translator), blood pressure measurement, and a
careful palpation of the neck. The second doctor per-
formed the ultrasound examination of the neck. II An

initial diagnosis was made in real-time. In addition, a
minimum of four pictures of the echograms of each
participant were recorded. When thyroid nodules were
found, additional pictures were taken and the size of each
nodule was measured in three dimensions. Our definition
of a nodule as imaged by ultrasound included all focal
abnormalities of the echo pattern that were larger than 2
mm in diameter though the minimum nodule size that
could be reliably detected was 4 mm.

The involvement of two physicians sometimes re-
sulted in differences between the clinical and ultr~sound
findings. When such differences occurred, it was the
policy of the study for the doctors to discuss their

II Equip!T)~,,t “Seal \\;Is tin ALOKA c~ho calller~l .SSD-121“”1 with
:17.5 MHz lllcch:illic~il scclor probe.

findings and to re-examine the neck of the patient again
in an effort to reach a consensus diagnosis.

Every participant who had a palpable thyroid nodule
was told in the Marshallese language that he or she had
a nodule and that a fine needle aspiration (FNA) biopsy
was recommended to determine its nature. In the biopsies
performed, only one puncture was made for each nodule
using a disposable 2 I G needle with a 12 mL syringe.
Because many subjects feared the pain from the punc-
ture, it was determined early in the study that multiple
punctures would likely reduce community participation.
For this reason, the biopsy was limited to a single
puncture. The aspirated material was divided onto four
slides and smeared. Two slides were stained with a
modified Papanicolau method and the other two slides
were stained with a modified Giemsa method. Staining
was performed in Ebeye within 72 h after the biopsy. All
slides were examined by (N. Kimura) in the Department
of Pathology of Tohoku University (Sendai, Japan).

In January 1996, three years after the first examina-
tions, a scheduled follow-up program was conducted in
Ebeye. Every person who was diagnosed in 1993 with a
palpable or non-palpable thyroid nodule was personally
invited by letter and by local radio announcement to
attend the follow-up clinic. Three goals were integral to
the follow-up study: ( 1) to provide reassurance to those
persons previously diagnosed of an abnormality that they
were not left without proper surveillance and medical
care; (2) to determine the progression or regression of
thyroid nodules with an emphasis of examining the
long-term behavior of non-palpable nodules; and (3) to
verify the 1993 clinical findings to the degree possible,
knowing that some nodules might have regressed while
new ones might have appeared.

The follow-up examinations began with an inter-
view by one of the investigators (KRT) using a Marshall-
ese interpreter. Special emphasis was placed on the
questions concerning the subject’s residence history. The
interview was followed by a clinical examination by two
of the doctors from the 1993 exams (TT and NN) who are
authors of this report.

All clinical techniques in 1996 were the same as in
1993, except for a modification of the policy with respect
to FNA punctures. About 3070 of the FNA biopsies in
1993 had not been successful because of insufficient
cellular material. In 1996, a temporary cytology labora-
tory was set up in the examination room for the purposes
of improving the rate of successful FNA biopsies. An
experienced cytologist checked the quality of the FNA
biopsy while the patient was still in the clinic and notified
the physicians when it was not successful so that a
second puncture could be made.

Statistical methodology
The crude and age-adjusted prevalence of all nodu-

lar goiters (nodular goiter and nodules are equivalent),
and palpable nodules only, was estimated for each atoll
based on the 1954 residence location of each study
subject (see Table 1 for data from the Ebeye BRAVO
cohort). Two standardization methods were used to
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correct for differences in age-distribution between the
groups: the direct and indirect methods. The estimates
obtained by the direct method reflect the prevalence of
nodular goiter in the index population when this index
population has the same age distribution as the standard
population. The age distribution of the entire population
on the Marshall Islands, as taken from the national
census (RMI 1989) was used as a standard. With indirect
standardization, the age-specific prevalence rates of the
standard population are applied on the age distribution of
the index population. Since no external source was
available, we took all the people born before 1 March
1954 and residing on those atolls southwards from
Jabwat in 1954 as the reference population. These atolls
were selected because the exposure of residents to radioac-
tive fallout was likely the lowest there of all the atolls.

With the direct method, the number of people in
each age group at each atoll of residence was often very
small with the result that the age-specific prevalence
rates were subject to large fluctuations. The use of the
indirect standardization method also had its shortcom-
ings because of the lack of a large reference population.
In spite of that, we chose to use the indirect method
because the age-adjusted prevalence rates showed less
fluctuation in comparison to the crude prevalence rates.

Various hypotheses were tested using the results of
both the screening data and the age-adjusted data. The
null hypothesis of no difference in crude prevalence
among the atolls (other than Rongelap and Utrik) was
tested by a Chi-square test. In an examination of possible
relationships between the age-adjusted rates and location
of residence in 1954, the prevalence data were plotted
against the distance between Bikini and the residence
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atolls. Correlations between prevalence and distance
were examined. Because the population size in 1954
varied dramatically among the atolls, the reliability of the
prevalence estimates also varied. Consequently, we
weighted the prevalence estimates by the inverse of the
group variance.

To examine the occurrence of nodular goiter in more
detail, a logistic regression analysis was conducted using
several variables as predictors: the dis~ance from Bikini
to the residence atoll, the variable &defined as the
angle measured clockwise between a W to E line dr~wn
through Bikini and a line from Bikini to the center of the
residence atoll—sex, age and the interaction term defined
by the product of distance and 0. The dependent variable
was the presence or absence of nodular goiter in the
individual. The data of distance and 6 are given in Table 2.

We also examined the relationship between the
age-adjusted prevalence and current data of the radiolog-
ical conditions at each atoll, For this purpose, we used
measurements of 137Cs in the environment that were
obtained during the years 1989 through 1994 by the
Marshall Islands Nationwide Radiological Study
(NWRS). These measurements were conducted on all
islands of the nation at least 500 m in length in all of the
29 atolls as well as the 5 separate reef islands. The
measurements included over 1,200 irr-.~itu gamma spec-
trometry measurements, collection and laboratory analy-
sis of more than 800 surface soil samples and more than
200 deep soil profiles. The results of the measurements
were compared with the levels of global fallout estimated
for mid-Pacific locations from published data on islands
nearby to the Marshall Islands. This comparison pro-
vided a measure of the degree of 137CS contamination

Table 1. Summary of prevalence data of Ebeye BRAVO cohort grouped by atoll of residence in 1954.

Crude Age-
Agc- C[P, odjusted 70,

Number Mean Benign Benign Crude adjusted p:dpuhle
Residence of age,

palpable
Female solitury multiple Malignant Thyroid- Yc,all 70, all nodules nodules

in 1954 people y v< nodules nudulei gt>itre cctomy nudules nodules CJnly mdy

Wotho
Rongelap
Ujae
Lae
Kwajalein
Likiep
Namu
Utri!i
Ailuk
Wotje
Ailinglaplap
Mejit
M~loelap
Nxmorik
Aur
Jaluit
Kili
Majuro
Arrrn
Ebon
Mdi
Totdl

7 55,7 57.1 p ()
II 52.9 54.5 1 ()
30 47,8 50 6 ()
23 50 52.2 7 ~

?,46 53.3 57.8 89 26
s~ 50.8 55,8 9 ~

17 50.7 58.8 3 ()
14 48.2 64,3 4 I
14 48,2 64.3 3 ()
17 51.7 88.2 5 I
77 5t.).3 58,4 21 ~

20 50.2 55 6 ()
15 50.5 46.7 I 1
17 46. I 52.9 () I
1() 47,2 40 () ()
47 48.5 68.1 5 5

I 43 I(m 1 ()
55 50,9 61,8 21 4
10 44,8 40 ~ o
2X 45.3 64.3 5 ()

4 44.8 75 () o
815 51.11 58.5 191 45

0
()
I
()

10
0
()
()
()
()
()
()
()
[)
()
I
()
2
()

()
15

() 28.6 24.3 14,3 12.8
4 45.5 40 36.4 31.4
I 26.7 26.4 13,3 11.3
1 43.5 46,6 26.1 24,5
4 37.> 34.5 18.5 18.9
() 21.6 2t).7 13,5 13.8
0 17.6 17.9 5.9 5.7
I 42.9 44,7 35.7 39
() 21.4 22.2 7.1 6. I
o 35.3 32.4 17.6 16.9
1 31.2 29.8 13 12.9
0 30 28.3 5 4.7
0 13.3 13,5 6.7 7.3
() 5,9 6.6 5.9 62

() () () o 0
1 25.5 27.8 I2.8 14.5
() 100 nla o ()
I 50.9 46.8 20 19.2
0 20 19,9 0 0
1 25 27.3 14.3 [4,4
o () () () ()

Is 32.6 nld 16.2 nlti
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Table 2. Atolls of residence in 1954 for subjects in Ebeye BRAVO cohort and Hamilton study and related information
used in hypothesis testing and Figs. 1 and 4.

A[olls Distance
represented Atulls in from Rotio total

in Ebeye Hamiltnn Bikini Angle O
Numbel-

‘“cs:global
Sludy study (hm) (0) tdllOLlt‘ ‘7CS

1 Ailinglaplap 574
~

51 1,25
Ailuk 505

3
15 X,15

Arno 833
4

35 I .6
Aur 73 I 29

5
1.3

Bikini () ()
6

1235
Ebon ,’ 855

7
64 1.1

Enewetak 350
8

177 295/975
Jaluit , 769 52

9

1,2

Kili 770 57
1()

1,2

Kwtijalein , 401 49 ~,(yl

II Lae v’ 305 74
1~ Li!iiep

I .65

, 453 24
13 Majuro

5.8
813 38

14

],~

Maloelap \ 683 25
15

I .4
Mejit , 609 12

16
7,35

Mili “’‘ 91X 39
17

I ,65
Namorik 7~~ I

18
65

Namu 463 54
19

I .4
Rongelap v I75 10 2 I()”

20 Ujae v~ 262 85
21

1,15
Ujelang 537

22
I57 2.55

Utrik v’ 472 3
23

16
Wothn , 1~~ 70

24

2,25

Wotie . 568 24 ?.85

“ North Kwajalein 2. 1–4.3, South Kwajalcin 1.()–’2,(); v;due of 2.() taken bec;mse ot’ population distribution
‘ Value derived from mea~uremerrts of’ Sou(h Rorrgelap.

above that expected from global fallout that originated
from nuclear weapons’ tests in other nations, e.g., Ne-
vada (USA), Russia, China, French Polynesia. and Aus-
tralia, as well as the Marshall Islands. The ratio of the
137CS deposited on the atolls from regional fallout (i.e.,
radioactive deposition that moved directly from Bikini
and Enewetak Atolls without global circulation) to that
from global fallout is given in Table 2 (as adapted from
Simon and Graham 1994).

The ratio of regional to global fallout deposition was
specified in Simon and Graham ( 1994) as a range
because of spatial variation and measurement and esti-
mation uncertainty. We used the mean value of the
reported range as an independent variable to investigate
relationships with the occurrence of nodular disease. The
mean value of the ratio should be understood to only be
a measure of the long-lived radioactive component that is
in excess of that ex ected from global sources. Because

?37the exposure from Cs and other long-lived radionu-
clides is not specific to the thyroid gland, this measure of
radioactive contamination can only be used as a proxy
variable to the short-lived radioiodines; however, it may
be more relevant than distance from Bikini.

Two different associations were examined usin the
5‘37CS data: ( 1) the relationship between the excess 1-7CS

deposition and the distance from Bikini Atoll; and (2) the
prevalence of both total number of nodules and of
palpable nodules and the mean excess 137CS ratio for
each atoll in which study participants lived in 1954.

Assumptions for the various statistical tests were
examined to determine the reliability of test results.
These inspections included use of the Shapiro-Wilks’ test
to examine normality of variables used to determine
correlations. In some cases, the Spearman correlation
coefficient, a non-parametric equivalent of the Pearson
correlation coefficient, was also estimated. Assumptions
necessary for reliable regression were also examined
including inspection that the prediction error was unre-
lated to the predicted value.

RESULTS

Population and summary disease data
Between 15 January and 5 March 1993, 1,368

persons were examined; among those were 1,129 born
before 1965. In the follow-up examinations held in
Ebeye in early 1996, an additional 193 Marshallese born
before 1965 were examined. Of the Marshallese exam-
ined in Ebeye in 1993 and 1996, 815 were born before
the BRAVO test on 1 March 1954. These 815 persons
defined the Ebeye BRAVO cohort and prevalence data
derived from that group were used to test the Hamilton
hypothesis. Of the Marshallese examined in Ebeye, there
were 1,062 born before the end of nuclear testing in the
Marshall Islands; that group defined the EOT cohort.
There were an additional 260 individuals born after the
end of nuclear testing and they defined the AT cohort.
Table 3 summarizes the disease statistics for the three
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cohorts although only statistical hypothesis test results
for the BRAVO cohort are reported in this paper.

Of the 815 who fit the age criteria for the Ebeye
BRAVO cohort, there were 338 males and 477 females;
the ratio of male to female was 0.71:1. The minimum age
by definition for inclusion into the Ebeye BRAVO cohort
was 38 y; the mean age of the participants was 51.1 t
I().4 y.

In the Ebeye BRAVO cohort, there were 191
(23.4%) persons diagnosed as having a benign solitary
nodular goiter and 45 (5.5Yr) as having a benign multiple
nodular goiter (see Table 3). In addition, 15 persons
(1.8%) had thyroid cancer. The prevalence of nodular
goiter for the entire population was 32.67c.

In the Ebeye EOT cohort, there were 230 (2 1.7%)
persons diagnosed as having a benign solitary nodular

Table 3. Diagnostic results of Ebeye BRAVO cohort, Ebeye EOT
cohort and Ebeye AT cohort. Absolute numbers and prevalence
rates (70).

Fem~les
Males (%) ((k) Tot;il (7 )

BRAVO cohort

Benign s(]litilry nodular 6’2 ( 18.3) 129 (27.()) 191 (23.4)
goiter

Benign mul[iple mldulur 12 (3.6) 33 (6.9) 45 (5,5)
goiter

Thyroid cancer 5(1.5) 10(2,1) 15(1,8)
Previous thyroidectc]rny 3 (().9) 12 (2.5) 15(1.8)

[wlc:mcer] [()] 131 [3]
Total nodular goiter 82 (24.3) 184(38.6) 266 (32.6)

[piilpable nndules only. ‘kl 138, I 1.2%] 193. 19.5% I [131, 16.1[%I
TOIZ1cases of cancer” 5(1,5) 13 (2.7) 18 (2.2)
Size of study population 338 477 815

EOT cohort

Benign snlitary nodular 69(16.1) 161 (25.4) 230(2[.7)
goiter

Benign multiple n(~dultir 12(2,8) 4[ (6.5) 53 (5.())
guiter

Thyroid c:mcer 5(1.2) II (1.7) 16(1.5)
Previous thyr(lideclmny 4 (().9) 14(2.2) 18(1.7)

[w/cancer} [()] [31 131
Tot~~lnn(tulur goiter 90(2 I .()) 227 (35.9) 317 (29.8)

[pulpiihle nodules unly, %] 140, 9.3%] [1 12, 17.7’}} 152, 14.3%1
Tottil cases of cunccr” 5(1,2) 14 (2.2) 19(1,8)
Size of study population 429 633 I062

AT c[}h<~rt

Benign solit~ry nodulur 4 (4.3) IX ( 10.8) 22 (8.5)
goiter

Benign multiple rn)dul~tr 1(1.1) 4 (2.4) 5(1.9)
goiter

Thyroid cancer 4 (2.4) 4(1.5)
Previous thyroidectomy 1 ((),6) 1 ((),4)

[w/cancer] [()] [01
Tntfll nodulor guiter 5 (5.4%’) 27 (16.2) 32(12.3)

[palp:ible nodules nnly, %] [()] [11,6.6%1 [11,4.2%}
Totul ca~es 01 cancer” 4 (2,4) 4(1.5)
Size of study pupulotion 93 167 260

“ Total cases of cancer = number of diagno~ed cunccrs + czncers in
previnu~ thyrnidectomies.
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goiter and 53 (5.0%) as having benign multiple nodular
goiter (Table 3). In addition, 16 persons ( 1.5%) had
thyroid cancer. The prevalence of nodular goiter among
the entire cohort was 29.87.. In the Ebeye EOT cohort,
the number of disease cases was larger than in the
BRAVO cohort presumably due to the additional persons
who qualified for inclusion in the EOT cohort. The
prevalence in this cohort, however, was slightly lower
than in the BRAVO cohort. The prevalence of nodular
disease in the AT cohort was very much lower although
the crude prevalence of cancer was not greatly different
for women. Because the number of people examined in
the AT cohort was significantly less, there were corre-
spondingly less cases and, consequently, the disease rates
are more uncertain.

Palpable nodules
In the 1993 phase of the study, there were 1,275

Marshallese examined who were born before 1968. Of
that group, 68 individuals had palpable nodules upon the
first physical examination. However. 8 of those were not
confirmed by ultrasound performed immediately ufter
the physical examination. Conversely. after determining
the presence and location of a nodule by ultrasound, a
second palpation of the patient (supine position with
hyperextended neck) revealed an additional 63 palpable
nodules. Thus, the total number of palpable nodules was
determined as 68 – 8 + 63 = 123 ( 123/1275 = 9.7%).
The number of cases of nodules identified only by
ultrasound (i.e., not-palpable even after a second physical
exam) was 15 I ( I I .890), The ratio of non-palpable to
palpable nodules was 1.24:1, and the total number of
nodule cases was 274 (2 1.5Ye). The crude prevalence of
palpable and non-palpable nodules by year of birth for
participants in the Ebeye study is summarized in Table 4.

Of the 123 subjects with palpable nodules, 121 had
a FNA biopsy: two refused. The success rate of FNA
slides was 70~c, disappointingly low. In most cases,
failure was due to insufficient material aspirated during
the single pass through the thyroid, however, in some
cases, the quality of the staining was also to blame.

At the follow-up examination in 1996, we sought to
re-examine all of the 274 nodule cases identified in 1993.
However, in the intervening 3 y, 16 persons of that group
had died (in no case was thyroid disease an obvious
factor contributing to death), 11 had moved out of the
Marshall Islands, and 20 had moved to other atolls and,
therefore, had no opportunity to attend the follow-up
clinic. Of the remaining 226 people with a nodule
diagnosis, we re-examined 192 (85% of those remaining,
707. of the original group),

The same methods and equipment were used as in
1993 except for the improvement in obtaining FNAs.
Using the on-site cytologist at the follow-up exams. we
performed 84 FNA biopsies of previously assayed pa-
tients and achieved a 96YP success r~te for satisfactory
slides.

Two of the goals of the re-examinations-confirtn-
ing the 1993 findings and a study of the progression or
regression of thyroid nodules—were viewed os closely
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Table 4. Prevalence of palpable tind ntm-palpable nodules and of suspected thyr(>id cancer in different birth cohorts.

Number of N(Jr~-p;~lpab[e P~lpahle Su\pected
Year of birth subjects nudules (70) nudules (7( ) cancers (Yc)

M~le\
<1923
1923–1928
1929-1933
1934-1938
1939-1943
I944-1 94X
1949-1953
1954-1958
1959-1963
I964- I968
> I969
M~ile\ h(m) before 1969
Fem*les
< I923
1923-1928
1929–1933
1934-1938
1939-1943
I944– I948
I949- I953
1954–195X
1959- I963
1964–I 968
>1969
Fenlales burn hcfurc 1969
Total <1969

related. By comparing the 1993 and

36
20
28
20
33
57
97
68
74
73
20

506

996 examination
findings f~r at l~ast ~ subset of the study participants,
data could be collected for both purposes. Upon re-
examination in 1996, some changes in diagnoses were
evident as compared to the 1993 findings, though, in
general, the original diagnoses were confirmed. We
believe that the different diagnoses in 1996 are evidence
of changes in the individual’s pathology during the
intervening period rather than mistaken diagnoses. Table
5 shows the changes in diagnoses in a group of 306 study
subjects who were examined on both occasions. In this
subset of the 1993 study population, there were roughly
equal numbers in the palpable, non-palpable (only ultra-

Table 5. Changes in thyroid nodule diagnoses between first
examinations in 1993 and fc)llow-u~ examinaticms in 1996.

1993 N{). 1996 N(). 1996 total
Ctitegury cuses cases (net ch~nge)

Pfilpahle
nudule

NtJn-palp~hle
nndule

Nu nudule

95

97

I 14

1

1

1

102 (+7.4%)

97 ( to%’)

107 (–6.1%’)

Totnl = 306 Total = 306

14 (38.9)
3(15.())
2(7.1)
I (5.())
I (3.())
3 (5,3)

12(12.4)
4 (5.9)
3(4,1)

2 [2.7)
()
()

14 (38.9)
6(1X.8)
6(15,8)

10(21,3)
12(26.1)
15(15.2)
10 (8,3)
21 (15.8)
10 (8.8)
2(1.9)

()
()

151 (11.8)

6(16.7)
I (5.())
3(10.7)
2 ( 10.())
7 (21.2)

6(10.5)
2(2.1)
~ (2,9)

()
()
()
()

6(16.7)
7 (21.9)

I I (28.9)
7 (14,9)
-t (8.7)

12(12.1)
22(18.2)
13 (9.x)
6(5.3)
6 (5,8)

()
()

123 (9.7)

2 (5.6)
()
()

I (5.0)
2(6.1)

()
I ( l,())

()
()
()
()
()

3 (8.3)
()
()
()
()

? (2.())
5(4.1)
I (().8)
2(1.8)
3 (2,9)

()
()

?.2 (1.7)

20s

sound detection), and no nodule categories: 95, 97, and
I 14, respectively.

Of the 95 palpable nodule cases in 1993, 84 (88%)
remained palpable in 1996. Three of the 95 cases (3.27G)
were not detectable by any means in the follow-up exam,
and 9 cases (9.370) became detectable by ultrasound
only. Of the 97 cases with a non-palpable nodule in 1993,
74 (77%) remained non-palpable in 1996; 9 of the 97
cases (9.3 Ye) showed no evidence of a nodule in the
follow-up exam; but 14 cases ( 14.67c) had developed
into a palpable lesion. Of the 114 cases who had no
nodule in 1993, 15 ( 13.27c) were found to have a
non-palpable nodule in 1996 and 4 (3.5Yc) were found to
have a palpable lesion.

The r~tes of palpable nodules within all three co-
horts are of interest for the purpose of intercomparison as
well as for comparison with other studies. Summary of
all the Ebeye data (see Table 3) show that nodules were
found by palpation of the thyroid gland in 131 persons
from the BRAVO cohort (13 1/815 = 16.1 %), 152
persons from the EOT cohort ( 152/1062 = 14.3%), and
1 I persons from the AT cohort ( 11/260 = 4.2%). The
ultrasonography found nodular goiter, which was not
palpable in a total number of 134 persons ( 16.4%) from
the BRAVO cohort, 165 persons ( 15.5%) from the EOT
cohort, and 2 I persons (8. 17r) from the AT cohort.

Cancer diagnoses
Clinical diagnoses of cancer were made, where

possible, in all examinations. In 22 study subjects diag-
nosed with palpable nodules in 1993, the ultrasound
image was suggestive of cancer or large follicular ade-
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only 1I of the 12 operated cases. Table 6 lists these cases
together with the results of the 1993 FNA biopsies or the
histopathology where available. Of the eleven operated
in 1994, there were 3 follicular carcinoma. 5 papillary
carcinoma, 2 micropapilhtry carcinoma, and 1 adenoma-
tous goiter. One additional case was operated in Hono-
lulu in 1996, and it was also papillary cancer. In view of
the precision of the ultrasound diagnoses and the im-

nomas, which by ultrasound imaging are indistinguish-
able from follicular thyroid cancer. We used the diag-
nostic criteria published by the Japan Society of
Ultrasonics in Medicine ( 1992) with particular emphasis
placed on boundary posterior echo, shape and prethyroid
muscle echo (Suzuki et al. 1994).

Twelve of the 22 cases were operated in Majuro
although histopathological verification is available in

Table 6. Ultrasound findings, FNA results and histopaih(]]ogy of suspected and confirmed cancer cases.

Ultmsmnrd FNA results FNA results
10 sex Age Cohort findings 1993 1996 Histoptithulogy Clinicol status

~

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

M

M

M

M

M

M

24

29

29

31

31

39

39

40

42

46

57

66

71

71

71

73

39

40

53

55

56

75

AT

AT

AT

AT

AT

BRAVO,
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO.
EOT

BRAVO.
EOT

BRAVO,
EOT

BRAVO.
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO.
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAV(),
EOT

BRAVO,
EOT

BRAVO.

suspicious nt’
cancer

insufficient230 tullicul~r
d..1 Lnoma

NIA

N/A

N/A

N/A

N/A

ft)llicular
udenoma

NIA

adenumatuus
goiter

N/A

Iu]licular
adcn(nna

puplllary
cunccr

popillary
cancer

N/A

t’{)llicular
aderrclmu

NIA

N/A

NIA

N/A

adenomiituus
goiter

surgery delerrcd
due to
pregmmc y,
planned ftlr
1996

upcrutcd M~ljum
1994

(lperated M;~jum
1994

upemted Maj uro
1994

uperuted Mujum
1994

upemted
Honolulu 1996

deferred t’or acule
medical
problems,
planned ft)r
1996

upcratcd Maj um
1994

inoperable fur
medical
reasmrs

opemtcd Muj um
1994

surgery deferred,
pltinncd f(lr
1996

innpemblc for
medical
retisnns

irrupemhlc for
medical
re:isons

inupcr~lblc for
medic:il
reasons

upcratcd Majum
Igc)~

growing

(~pcrutecl Majuru
I994

opemted Miijuru
I994

opemted Majuro
I994

opemted M~ijuro
[994

growing despite
T4 ther~py

died t’rmn

1()(17

273

123

suspicious of
cancer

scrspici~)us of
cancer

lllrge fc~llicular
neopldsm. 60
mm

suspicious of
c:mccr

suspicious Uf
c;mccr

20 mm Iolliculfir
ne(~plusm

pupill[lry cimccr

plpillary cimccr

t’ullicu]ilr tumor

micropapillary
cancer

papillary cuncer

Iollicultir c~ncer

8X5

1273

877

insufficient t’ullicular cancer

papillary cancerinsufficient

fc)lliculur
ne(~plasm

1112

50 I

suspicious of
ctincer

suspicious of
cancer

papillary cancer

insufficient

papillary cancer

suspicious uf
cancer

suspicious ut’
c;mcer

insufficient

papill~iry cancer

papillary cancer

792 30 nlm fullicu]ar
ncuplasm

in~ufficient

293 suspicious of
c:mccr

papill;iry c;mcer

315 suspicious of
cancer

insufficient

22{

83

756

799

576

609

272

995

suspicious 01
cancer

large t’ollicular
neoplasm

suspicious of
cancer

I:irge follicular
neoplasm

suspicious 01
cancer

suspicious t~t’
c;mcer

35 mm fu]licular

follicular
net)plasm

insufficient

Iollicular cimcer

insutTicient micmplpillary
cancer

adenotn~~tous
goiter

papi II~ry corrcer

Iullicular
adentnnil

adcnum:]tous
goiter

adennm:ltous
g(liter

papill~lry c;mcer

pflpill:iry cancer

50 mm lollicultir follicular
EOT nc~)plasm unrelated cause
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proved FNA data of 1996, there is evidence to indicate
that the total number of cancers in this study group is
about 15 or 1.2% ( 15/1 275) of the Marshallese examined
or about 12Yc ( 15/1 23) of all the palpable nodule cases
we investigated.

Fifteen study participants in 1993 had a neck scar on
their first examination that revetiled that they had been
previously operdted for thyroid disease. Historical
records indicated that two of the fifteen were members of
the Rongelap community who had been directly exposed
on Rongelap to the BRAVO test fallout and who had
been operated on for thyroid adenomas more than 25 y
earlier.

In order to estimate the total cancer rate in this
population, the cancers among those previously operated
have to be added to those confirmed in our study. An
extensive search for histopathology reports in the medi-
cal records in the hospitals of Ebeye and Majuro for the
15 earlier operated cases provided evidence that there
were two thyroid cancers and one case of occult papillary
cancer in adenomatous goiter. Therefore, for further
calculations we assume that the total number of thyroid
cancers in our study population (1? = 1,322) is between
15 and 20, i.e., 1.1 to 1.570, All but 3 occurred in women;
thus, the frequency in female Marshallese is approximately
2%. One of the cancer patients we investigated had been
exposed to early Fallout of the BRAVO test on Rongelap.

Hypothesis testing
A number of statistical tests were conducted specific

to the objectives outlined earlier. To test the hypothesis
that there was no difference in prevalence of thyroid
nodules among the atolls, a Chi-squared test was carried
out. All atolls were used with the exception of Rongelap
and Utrik and three atolls (Kili, Mili and Wotho) where
the number of persons was less than 10. The null
hypothesis was not accepted (xI = 34.9, df = 15, p <
().()()3).The rejection of this hypothesis prompted further
examination into the differences between the atolls and
to determine whether there was evidence for a functional
relationship between prevalence and distance.

The age-adjusted prevalence were plotted against
the distance to Bikini for the total number of nodular
goiters and for palpable nodules only. This examination
wis conducted for the data of both sexes pooled as well
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as the data for men and women separately. The preva-
lence were weighted as described earlier. The correla-
tions are listed in Table 7.

There were several unexpected results from these
analyses. The correlation of age-adjusted prevalence with
distance from Bikini for all nodular goiter with both
sexes pooled was not significant for the atol Is repre-
sented in the Ebeye study (r = –().29, p = 0.12)but had
a higher correlation and attained marginal significance
for the atolls used by Hamilton (r = –0.43, p = 0.07)
(see Table 2 for a listing of the atolls used in the Ebeye
study and the Hamilton study). Furthermore, the corre-
lation of age-adjusted prevalence with distance from
Bikini for all nodular goiter in males was significant (r =
–0.44, p = 0.04) but was not significant for females (r =
–0.18, p = 0.25).

The correlations for palpable nodules differed from
the case of all nodular goiter. The relationship with men
and women pooled was close to significance for the
Ebeye atolls (r = –0.37, p = ().06) and the atolls used by
Hamilton (r = –0.43, p = 0.08). Fig. 1 shows a plot of
the relationship between palpable nodules and distance
from Bikini. The key to the numbered atolls in this figure
is provided in Table 2.

In order to examine the occurrence of nodular goiter
in more detail, a logistic regression analysis was con-
ducted. As in Hamilton’s study, the variable 6 was
initially included in addition to distance to better define
the location of each residence atoll with respect to Bikini
(see Table 2). The logistic regression was first run with
all prediction terms, thereafter sequentially eliminating
those with p-values greater than 0.10. The analysis was
carried out for the four combinations of all nodular
goiters, palpable nodules only, atolls from the Ebeye
study and atolls from the Hamilton study.

In the analyses that we conducted, neither the
interaction term between 0 and distance or the indepen-
dent variable 6 were statistically significant. In the
regression model using data for all nodular goiters, the
variable distance was not significant and, therefore,
excluded. However, distance maintained significance for
the Hamilton atolls. For the analysis of palpable nodules
only, distance remained in the model for both the Ebeye
atolls and the Hamilton atolls. The variables sex as well
as age were both significant predictors of the presence of

Table 7. Correlations between age.tidjusted nodule prevalence and distance from Bikini, Correlation
coefficients are Pearson’s r (weighted) except where noted in brtickets [. ..] which are Spearman’s r
(unweighed). Atolls arc either: ( 1) all the residence atolls in 1954 fc>rsubjects in the Ebeye study, or (2) all
the residence atolls in 1954 for subjects in Hamilton et al, ( 1987) study.

Diagnosis Atolls

All nodulur goiter those in Ebeye study
All nodultir goiter those in Hamilton study
All nodular goiter those in Ebeye study
All nodulur goiter those in Eheye study
Palpable nodules only those In Ebeye study
Palpable nodulci only those in Hanlil(on study
Palpable nodules only those in Eheye study
Palpoble nodules only those in Eheve study

Sex

M&F
M&F
M
F
M&F
M&F
M
F

–().29[ –().341
–().43[ –().38]
–0.44
–().18
–0.37[ - ().45]
–().4?( –().41 ]
–().14
– ().44

/)-\alue

(),12[().141
().()7[0.191
(),()4
().25
().()6[().(M]
().()8[().14]
().32
(),()6
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Fig. 1. Age-adjusted prevalence of palpable nodules as a function
of distance (km) of residence ;ito]ls in 1954 from Bikini Atoll. All
atolls of Ebeyc study are included. Atoll idcntificution numbers
refer to Table 2.

nodular goiter in general and for the presence of palpable
nodules. For sex, the odds ratio (female to male) varied
from 2.02 to 2.24 within the four variable combinations
examined. These findings are summarized in Table 8.

DISCUSS1ON

Most previous population screening programs to
detect nodular thyroid disease, e.g., the follow-up of the
exposed Marshallese by medical teams organized by
Brookhaven National Laboratory (Conard 1984; Adams
et al. 1989) and the study of Hamilton et al. (1987) have
used palpation of the neck as the primary criterion of
positive findings. The development of high resolution
ultrasound equipment permits the additional means for
objective and precise thyroid and nodule size determina-
tion and the ability to photographically document abnor-
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realities for later study. One of the achievements of this
study was establishing the capability and value of using
ultrasound in a large scale study and in remote and
primitive environments. Some of the examinations in this
study were conducted on remote islands without central-
ized electrical power. Using a portable gasoline powered
generator as small as a few kW power, ultrasound was
used in the field without any reduction in diagnostic
qutility. Whereas the advantages of this method are
several, there remains the question of the clinical impor-
tance of nodules that are not palpable.

Several findings of the clinical examinations were
noteworthy. First, non-palpable nodules tended to be
smaller than palpable nodules: the median diameter
being 7.5 mm for non-palpable compared to 16 mm for
palpable. The size distributions of the palpable and
non-palpable nodules, however, showed considerable
overlap (Fig 2), For example, 2070 of palpable nodules
were smaller than 10 mm diameter while 2090 of non-
palpable nodules were larger than 10 mm.

We defined the palpability of thyroid nodules to be
the proportion of all nodules detected by ultrasound that
were also palpable. The palpability increased only very
slowly with increasing size as measured by ultrasound
(Fig. 3). Furthermore, in 52 women who had nodules of
9 to 12 mm diameter, 40% of which were palpable, there
was no correlation of palpability with a body mass index.
In this group, palpability of nodules for obese women (17
of 28 cases) was similar to that for normal and slim size
women (15 of 24 cases). Although neck size and the
amount of adipose tissue over the thyroid is often
speculated to be related to the difficulty in palpating a
nodule, those generalizations were not well supported by
our observations.

The ease of palpation of u nodule is determined
partially, but not exclusively, by the size of the nodule.

Table 8. Results of logistic regression, independent variables with {J < ().1(),

Atoll\ of Ebeye study Atolls of Hamilton study

All llOdU]CS P~lpuble nodules only All nodules Palpable nodule~ only

Age
Coefficient ~
/j-vtilue
Standard error
95% confidence inlervll on ~
Sex
Coefficient ~
/}-value
Stand;trd error
95% confidence intervll on ~
Distance
Coefficient ~
[)-value
Stnndord error
95% confidence interval on ~
Constant
Coefficient ~
p-value
Sttindtird error
95% cent’idence inlerv;d on ~

().()437
<().( )(M)()

(),()()74
().()294).()59

(),769
<().(M)()

2.16
I ,56-3,()()

ns
ns
ns
rrs

– 3.464
<0.()()()

().4228
–4.31/-2.618

().()215
().()19
(),()()9I

().()()34).()4

(),7()2
<().()()1

2.02
I .33-3,07

—

–().()()1
().()84
(),()()()6

-().()()24),()(M)

– 2.706X
<(1,000”

(1.626
3.1)59/– 1.455

().0422
<().()()()

(),()()84
().()254).()59

().8()6
<(),()()()

~,~4

I .54–3.26

–(),()()12
().()4
().()()()6

–(),()()24),()()()

–2,8632
<(),()()()

().574
–4.01 1/–1.752

(),0273
(),()()7
(),()1

().()()74).()47

().723
().()()2
2.06

1.29–3.29

–(),()014
().()73
(),()()()x

–(),()()3< ),()()()

–2.853
<0.()()()

().7()I2
–4.255/-l.45l
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The probability of a successful p~lptition does incre~se
with nodule size though there are tilso other importunt
Factors including the specific ana[omy ofeach patient’s
thyroid, neck, and skin as well as the experience and

expectationsof the examiner. Although the experience of
the endocrine surgeons who made the examinations was
very extensive, false positive and false negative judg-
ments sometimes occurred. For example. about 1290 of
nodules palpated during the first examination proved to
be non-existent on ultrasound imaging. On the other
hand, the number of palpable nodules doubled after the
examiner had learned about the presence and approxi-
mate location of a nodule from ultrasound. For this
reason, we suggest that in addition to clinical investiga-
tion and palpation, high resolution ultrasound imaging is
an important addition to accur~tely determine the nodule
prevalence rate in a population that is undergoing screen-
ing. The size and the structure of a thyroid nodule is
probably more important in regard to its clinical impact
than its palpability; however, repeated follow-up of this
group of patients will be needed to resolve this question.

Comparison of our 1993 and 1996 findings demon-
strate that the original diagnoses were generally verified.
The number of individuals in the non-palpable category
did not change over the 3-y period though there was
some cross-over of individuals between categories (see
Table 5). During the 3-y interval. the palpable and no
nodule category were tibout equally stable though the
change in number of palpable nodules was towards an
increase ( +7ck ) while the change in number of cases



without any nodule was towards a decrease ( –6Yo). On
an individual basis, a non-palpable nodule was most
likely to change (24% changed category), a no nodule
case was somewhat less likely to change ( 17Yc changed
category) and a palpahlc nodule was tbe most likely to
remain the same (only 1()~ changed category).

Approximately 9% of the non-palpable nodules
disappeared during the 3-y interval (usually cystic le-
sions of less than 6 mm diameter), and about 9% of
palpable nodules became non-palpable. Whereas these
numbers may give some indication of the potential error
range of the findings of screening programs, particularly
those conducted over several years time, a more detailed
analysis of the echo patterns is required before we can
identify structural features that predict progression or
regression of palpable or no]l-palpable nodules.

The prevalence of palpable nodules we observed in
Ebeye ( 16.2Yc) was about twice that noted by Hamilton
et al. ( 1987) (6.2Yc crude prevalence rate). Assuming that
the population on Ebeye in 1993 represented a similar
cross-section of the population of the Marshall Islands as
when Hamilton examined the population 8 y earlier,
either the prevalence had significantly increased during
the elapsed time, or there were significant differences in
diagnostic sensitivity of the two studies. The latter
explanation is suggested by the high proportion of
thyroid nodules that could only be palpated after they had
been diagnosed by ultrasound first. This fact alone could
explain tbe differences in numbers of detected nodules
bet ween the two screening programs and further empha-
sizes the usefulness of ultrasound to determining an
accurate assessment of palpable nodular disease within u
population.

Fine needle aspiration biopsy of palpable nodules
remains the gold standard of diagnosis for nodules.
However, in this field study, which routinely oper~ted
under tropical and sometimes primitive conditions, the
rate of insufficient material or insufficient staining was
high. On the other hand, even under these difficult
conditions, the accuracy of the ultrasound diagnosis of
cancer was >90Yc, remarkably high as judged from the
agreement with the histopathological evidence from the
operated cases.

In 4 cases in 1993 that were suggestive of cancer by
the ultrasound examination but that were not operated.
FNA was able to provide a cytological diagnosis in 1996.
A strong Iikelihood of cancer was noted for 2 cases and
follicular adenoma in I case. In the 4 cases that were
diagnosed by ultrasound as follicular adenoma, 3 were
diagnosed by FNA as adenoma. In 2 of 42 cases where
the ultrasound diagnosis in 1993 was adenornatous goi-
ter, FNA biopsy in 1996 was indicative of cancer.

Taking histological or cytological diagnosis as a
criterion, sensitivity of ultr~sound diagnosis was 87Yc
and specificity was 96Yc. Overall, these data demonstrate
that in the hands of experienced physicians who make
their diagnosis during the conduct of the examination,
ultrasound is nearly equivalent to FNA biopsy in its
ability to determine the nature of a thyroid nodule.
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Comparison with cancer rates elsewhere
The thyroid cancer r~te in our study was not dissim-

ilar to that observed in 2,587 atomic bomb survivors in
Nagasaki where 2 I cancers were reported (().870) com-
pared to I in 935 ((). I Yo) unexposed persons (Nagataki et
al. 1994). A cancer rate in unexposed adult women
screened in Kamaisbi, Japan. was ().6Yr (Takaya et al.
1982), intermediate to the Nagasaki control and exposed
population rates.

Cancer statistics from different countries suggest
great differences in thyroid cancer incidence (lARC
1992). In particular, rates are high among island popu-
lations (Henderson et al. 1985: Kolonel et al. 1990;
IARC 1992) including Hawaii, Iceland and New Zeal-
and. For example, one of the highest reported rates is for
Filipinos living in Hawaii (Goodman et al. 1988); thyroid
cancer among that group accounted for 2.77r of all
non-skin cancers in Hawaii between 1973 and 1977.
Native Hawaiians and those of Chinese descent who live
in Hawaii have also shown high rates. A similarly high
rate was reported to be nearly 2°A among female Melane-
sians over 25 y of age (Ballivet et al. 1995). The thyroid
cancer prevalence in female Marshallese is similar to
these values.

The likelihood of an enhancement in the nodule and
cancer rates in this study, relative to most reported rates.
was considered as a result of our intensive screening.
That phenomenon was demonstrated by Ron et al. ( 1992)
who reported a 7-fold increase in cancer rates and a
17-t’old increase in nodule rates when screening followed
public announcements for examinations and publicity
concerning the relationship of thyroid disease to head
and neck irradiation. Due to our screening efforts, some
enh:incement of the cancer rate has certainly occurred
relative to most nationally reported thyroid cancer statis-
tics. Presently it is not possible to know the extent of this
effect among the Marshaltese population. Enhancement
of the cancer rate is primarily of concern in making
comparisons with cancer rates from other countries. The
determination of relationships between disease incidence
and location within tbe Marshall Islands should not be
effected by this phenomenon.

In our study, 73YG (8/I 1) of the cancers confirmed
by histopathology were of the papillary or micropapillary
type; tbe remaining 277P were of the follicular type. This
r~tio generally agrees with observations in Hawaii during
tbe years 1960 through 1984, where 74~e of thyroid
cancers were papillary and 1770 were follicular (Good-
man et al. 1988).

Correlations with environmental radioactivity
Considerable thought has been given to alternative

hypotheses that might explain a decreasing relationship
between nodular goiter and distance from the Bikini test
site. Hamilton assumed that bis results indicated that the
geographic extent of radioiodine exposure was broader
than assumed and that distance served as a proxy variable
for past exposure to short-lived radioiodines. To investi-
gate the plausibility of that hypothesis, we examined
recently acquired radioactive contamination data of the



Marshall Islands from a radiological monitoring program
ofthe entire nation (Simon and Graham 1997). Accord-
ingly, we plotted the mean ratioof 1~7Cs (regionat:global
deposition) against distance from Bikini (Fig. 4). How-
ever, that analysis showed no obvious relationship thus
casting some doubt on the existence of a decreasing
linear dose effect as a function Of dist~n~e. Fur[hermorc,
we plotted age-adjusted prevalence of al] nodular goiters
and palpable nodules only against the ratio of 137CS
(regional: g]obal deposition) and, similarly, there was no
obvious reltitionship.

It should be noted that the magnitude of environ-
mental i ‘7CS is not a perfect proxy variable for rudioi(~-
dine exposure. The primary determinant of radioiodine
dir concentrations that might lead to individual exposure
is the cloud tr~nsit time from the point of the explosion
to the inhabited location. Secondary parameters that
determine the bioavailabi]ity of radioiodine include par-
ticle size in the atmosphere, the presence or absence of
rain, etc. Variations in tramsit time among different tests
would dramatically affect the radioiodine concentration
of the cloud but would have little effect on the 1{7CS
concentration because of the difference in their physical
half-lives. Yet. for locations with near equal transit times,
[he 137CS should be highly correlated with the past
radioiodine deposition, particularly 1-~11,the longest lived
of the short-lived suite.

We did observe, however. a reltitionship between
the excess ‘37CS and angle (as measured clockwise from
a E-W line); the relationship decreases in a curvilinear
fashion from (Y’to about 300 where it levels out at a value
of approximately 1.(). This indicates that the cloud’s
direction of tra~el was not highly correlated with straight
line distance in all directions. It is known, for example.
that the cloud likely initially moved in the east direction.
but then may have veered southerly with lower air
concentrations as a result of ditution and decay. The fact,
however. that 0 was not significant in the logistic

1(10 2m 300 4(III 5(X1 60[) 70(> 8[)0 900
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Fig. 4. Mean (}( regi[)n;ll fullout:gl~~b:~lf:lll{)ut ‘37CSdept)sition in

:itolls [Is :1 luncti(~n of dist:[ncc (kn]) fron] Bikini At(>ll (d:i[~i I’rotn
Silnon and Grah;un 1994, 1997),

regressl(~n ]ends little support to this variable as an

explanatory cause for the pattern in thyroid disease.

Diet and other risk factors
A number of risk factors in addition to ionizing

radiation may be related to the high cancer rates, There is
accumulating evidence that populations resident on is-
land countries, in particular those in the tropical waters of
the Pacific, have higher than normal incidence rates for
thyroid cancer despite earlier observations of little ethnic
difference in r~tes (Ron and Modan 1982). These obser-
v~tions may be related to diet as well as other factors
peculiar to island life.

Diet is considered as a plausible risk factor (Kolonel
et al. 1990), in particular, where the consumption of high
iodine seafood is common. Seafood based diets have
showed positive risk associations to thyroid cancer in a
number of studies (Kolonel et al. 1990; Ron et al. 1987;
and Preston-Martin reported by Henderson 1990).

SUMMARY AND CONCLUSIONS

The objectives of this study were ( 1) to examine and
gather data on the frequency of thyroid disease (both
nodulir tind cancerous conditions) in as large of propor-
tion as possible of those Marshallesc alive during the
years of atomic testing, (2) to advise the Government of
the Marshall Islands on the findings from the medical
scrccning program, and (3) to test the hypothesis of
Hamilton et al. ( 1987) Goals ( I ) and (3) arc the main
subject of this report though several other findings are
noteworthy and arc also summarized here.

First, non-palpable nodules tended to be smaller
than palpable nodules although the size distributions of
the palpable and non-palpable nodules show consider-
able ovcrltip. This finding implies that unassisted palpa-
tion may not be successful in finding the smtiller nodules,
which can be only palpated after directing the physicitin
to the location by ultrasound.

Ultrasound was shown to be a viable technique even
in tropical and primitive environments as the devices can
be successfully powered by small, portable electrical
generators. The advantages of ultrasound are that it can
supplement palpition by providing objective measure-
ments of the size of lesions tind can photographically
record the examination for later review. In the hands of
experienced practitioners, ultrasound can nearly equal
the reliability of FNA biopsy for predicting a cancerous
condition. Comparison of our findings from the 1993 and
1996 examination phases demon striited that the original
diagnoses were generally verified.

The prevalence of palpable nodules was highest in
the Ebeye BRAVO cohort ( 16Yc), about 20%1 lower in the
EOT cohort, and about 85CA lower in the AT cohort.
Most of the difference in the AT cohort is undoubtedly
due to their younger age, though the difference is
dramatic enough to suggest that other factors might be
involved. Radiation exposure may be one of several
factors involved.

The prevalence of non-palpable nodules were sim-
ilar among all three age cohorts but were moderately
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Table 9. Cnrnparis{>n between study of Ebeye BRAVO cuhc)rt and Hamilt{m et uI. ( 1987). Results are given
ft~r palpable nodules only excep( where n{)ted ond for thnse otnlls which were included in euch study.

Cc~h(>r(of Hamih(~n
Eheye BRAVO ct)h(~rt c1 111.( 19X7)

Si~e ut cuhurt
L[)catiun of study

Pr[~xy v:]rifihlc !’nr radioi{}dine expnsure

Number of residence att~lls UI study \ubjccts
in 1954

Descripti(ln of mcdic:il cxanlinati(ms

Definition (~f thyruid nodule

Crude prey alence rate
Range of prev~lcnce ut palpahlt n(~dules

exclusive uf R(lngelap mrd Utrik (01)
Estimate ut’ prcv~llcnce in Mili and Ebun

Atolls ((k )
Odds m(io t’enltile/nlulc
Chi-squ:lre test ut homogeneity” in

prevalence mnc)ng ;ttnlls cxclu~ive (it’
R{)ngelap and Uirik

Pelrfon correlatimr c(~et’llcicnt bclw cen
Jg~-ldJUstedpre\iLlcncc (!\’eightcd) and
Llistimcc t’runl Bikini

Slalislicolly signiricmll predictor terms in
Iogiitic regres~ion mudcl

815
Eheye Island, Kwujldein

Atull
Re\idcnce in 1954; present

day envirunment:d ‘“CS
mc:t~urement \

21

P~ilp:Lti[Jn,ultr~scm(~gr~lphy,
FNA hiupsy. histnl(~gy

Visibility on ulti-asound,
\(llit:lry /multiple

I6.?
()-36,4

12,5 (4/32)

2.1
~~ = 34.1): df = 15,

/~ < ().()()3 (fill nudules )

r = –().4? (I7 = ().08) Ior
Hmnilt(>n atnlls:
F = –().37 (/) = ().()6) fur
:111u(OIISof Ebeye ct)hc)rt

Age. sex, distunce
(/, = ().()7)

~,~73

Present day residence
Utolls

Residence in 1954

14

Palpatimr

st)litary. p:ilpable.
> I .() cm di~mletcr

6.2
().9-1().6

2,45 (9/370)

3.7
x? = 23.45, df = I 1.

/1 < (),(125

/’ = –().65,
/) < ().()()2

different from palpable nodule rates in the EOT and AT
group. The rate of non-palpable lesions was virtually the
same in the BRAVO cohort ( 16VC) as for palpable
nodules, about 107r higher in the EOT cohort, and about
twice as high in the AT cohort. This availability of such
data is uncommon and is undoubtedly valuable as a
description of the progression of thyroid disease with age
in an island population.

The prevalence of palpable nodules that we ob-
served in Ebeye ( 16.27c) was more than twice that noted
by Hamilton et al. ( 1987) (6.2% crude prevalence rate)
when averaged over all the atolls of residence in 1954.
The use of ultr~sound to direct physicians in locating and
palpating nodules is the primary explanation for the
differences in the two screening programs, aging of the
population being a secondary cause.

The results of statistical analysis and hypothesis
testing for the population in this study are suggestive of
relationships similar to that observed by Hamilton et al
( 1987). A summary of the results from the Ebeye
analysis and the analysis of Hamilton et al. is shown in
Table 9. Because of the suggestion that location of
residence during the testing era may be related to nodule
prevalence, further analysis of the incidence and casual
factors of thyroid disease among Marshallcse appears to
be a worthwhile endeavor.

An examination of the relationship between present
day 137CSconcentrations in the environment and distance
from the Bikini test site did not shed any light on
radioactive contamination as a causal factor. No relation-

ship was obvious between the variables examined al-
though it is understood that only for locations of equal
fallout transit time would the radioiodine concentrations
be expected to be highly correlated with cesium.

Though we were not able to confirm the Hamilton
hypothesis with a high level of statisticfil significance,
there is also no evidence to disprove it. Moreover, our
data on nodule prevalence with distance show similar
trends to those observed by Hamilton. Our interpretation
is different, however, in that we found present levels of
137CS and distance to show no relationship which is
suggestive of radiation exposure as a causal factor. Two
possibilities to explain this phenomenon might be cort-
sidered. The first deserves the tnost attention becuuse it is
the most plausible: ( 1) even though there is no relation-
ship between cesium levels and distance, there may be a
functional relationship between radioiodine exposure and
location though it very well might not be a relationship
that is linear with distance; or (2) there is another
phenomenon that is responsible for induction of thyroid
abnormalities, and it is also distance dependent. It is
difticult to conceive of plausible risk factors that might
be distance dependent though the iniluence of diet and
dietary (stable) iodine intake must be considered. Either
iodine deficiency or excess might be responsible for
unusual thyroid responses in island inhabitants. If, for
example, the intake of seafood differed atnong the atolls
because of differences in fish availtibility, a deficiency
might have been occurred in one group relative to
another. In some other atolls, an excess might have



occurred for the opposite reasons. Such hypotheses
require further study.

Presently, we believe that it is reasonable to proceed
with our current plans of reconstruction of exposures to the
individuals we have examined for thyroid disease in the
Marshall Islands. Such an effort will necessarily rely on
residence history data for each individual and historcal
monitoring data, which will require both careful interpreta-
tion and probably some degree of interpolation to cover all
locations and all time periods. Until such detailed examina-
tions are complete, the cause of high r~tes of’ thyroid
nodules and cancer and their relationship with locations of
residence remains without adequate explan:ition.

A[k}~()!\/{,(/,q/;/(,Ir/,\-We :lre g~~tetrll I’or ltlc wolldeCt’Ulhc[fJulldC(lOpCl-ll-
liun {~ftbe entire \I~!lt’of Ihe Eheye Health Services :ind Ebcye Hospiitil,
~bove fill, Dr. Alun C. Talerrs. Irene A. Paul, Al{heu Philip and R;lchcl
Matlhcws. Wilhc)u[ [he unl,iiling support tind encouragenlcnt 01 Pcler
Oli\er, lhii study $~{)uldnever Ililve succeeded. The \tudy which began [he
planning stages in 1990 wtis fin;ulced Ibrough 19~)5by the M;irshtill I\l:ulds
Nati{~nwide Ri(dic)]ug!ctil S{udJ, :uld in 1996 by gr:urls lronl the Japiu)csc
Gc~\emnlcnt to T[)h(,ku Llniversi(y. Scndui. J~pan. iuld t’ronl [he Rcpuhlic
ut lbe Mtirsh;lll Island\ Govcmnlcnt. M. I.S, WLISsuppt)rled try the European
Conlnlis\ion lhruugh an ERPET grant. Wc ~lpprcciil(c [he asiis(ance of the
Sclen(i!’ic Advisory P;ulel tu the N~ti(]nw idc R~di(]logical Study in cl~lri-
f} ing the inlpc)r(ance ut ttlc \[udy durin~ its e;~rly \t:ige\. The ~ucccs~ion of
ut’ficers who have tilled the posi[iun of Mar\h:lll lsliu]d~ Secrel:iry of
Health each pru~idcd tin inlp{)rtarrt element tu ensure II)C \ucce\s of the
study: these individu:lls included M~irie M:idi\c)n, Kinjo Andrihc UIICI

Don;Ild Capelle, Nunlcrt)us Murshfillese ussistcd in interview i, Lr:lnsl;l(i{)n,
urnulging Iogistici and cncourtlging conln]unily piirticiptltion. Without

their :liiis[;u~ce, the study could Inot have been \ucce\\t’ul. Andy Burchert
of (he N:iti(lnwide Radiul(~gic:il S{udy aisisted with h]gistics, d~tttibase
nl:u)ilgenlcn{ and other l~lbur~]~t)rydutici. Wc ptirticularly Jchn[)wledge tlle
ct)nlnlilnlerrt ~ind skill t)! T~ttsuh(J Konnu who sel up o cytt)l(~gy labtJrat(lry
wi(hin the exanlin:lti(~n roonl° ~nd pr(~vidcd efficient iuld first qu;ili[y
cytult)gy ser\ ices which were essential Ior the succeis of the study, Wc
thtink Sir Oilwyn Willi~n~\, Cilnlbridge LIK t’c~rhis help :uld adk ice with the
histol]a(hol(~gictil” clussit’ic:i[ion 01 the srrrgic;il spccinlcns. Fin;illy, WC~~re
gra~ct’ul t{) the M~r\htillc\e wht) p:lrticip~ted in this \tudy for their
co(~per:lti(ln :Ind patience,
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UNIVERSITY OF WASHINGTON’S RADIOECOLOGICAL
STUDIES IN THE MARSHALL ISLANDS, 1946-1977

Lauren R. Donaldson, Allyn H. Seytnour, and Ahtnad E. Nevissi’k

Ab.strac/—Since 1946, personnel from the School of’ Fisheries,
University of Washington (Applied Fisheries Laboratory,
1943–1958; I.aboratory of Radiation Biology, 1958-1967; and
laboratory of ~ddiation Ecology, since 1967), have studied the
ctTccts of nuclear detonations and the ensuing radioacti~ ity on
the marine and terrestrial environments throughout the Cen-
tral Pacific. A collection of reports and publications about
these activities plus a collection of several thousand samples
from these periods are kept at the School of Fisheries. Generdl
findings from the surveys show that ( 1) fission products were
prevalent in organisms of the terrestrial enviromncut whereas
activation products were prevalent in marine organisms; (2)
the bust biological indicators of fallout radionuclides by envi-
ronments were (a) terrestrial—coconuts, land crabs; (b)
reef—al~de, invertebrates; and (c) marine—plankton, fish.
Studies of plutonium and americium in I)ikini Atoll showed
that during 197 1–1977 the highest concentrations of ‘q’An],
2.85 Bq g-’ (77 pCi g–’ ) and 2-~<’’2J’)Pu,4.44 Bq g-’ ( 120 pCi
g-’ ), in surface sediments were fuund in the nortbw est port of
the lagoon. ‘rhe concentrations in the bomb crdters were
substantially lower than these values. Concentriitions of solu-
ble and particulate plutonium and americium in surface and
deep water samples showed distributions similar to the sedi-
ment samples. That is, the highest concentration of’ these
radionuclides in the water column were at locations with
highest sediment concentration. Continuous circulation of
water in the lagoon and exchange of water with open ocean
resulted in retno}al of 111 [; By y–’ (3 Ci y- ‘) 2“Am and 222
c; By y-’ (6 Ci y-’) 2-’’’’24’)Puinto the North Equatorial
Current. A summary of the sur} eys, findings, and the histor-
ical role of the I,aborator-y in radioecological studies of the
Nlarshall [slands are presented.
Health Phys. 73(1 ):214-222; 1997

Key Morals: Nlarshall Islands; water; radioactivity, environ-
mental: radionuclide

LABORA’I’ORY HIS’IORY

Ttli L,\[~c~k,\Ioky was established at the University t)t’
Washington. College of Fisheries. in Iutc 1943. 11s t’irst
nlissit)n was to obt~in inforn~titi{)n about the effects ~)t’
ionizing r~diati(}n upon Fish and t)ther :iquatic org~nisnls.

In J UIy 1946. the Ltlbc)rtltory part icipilted in the first
series {)t’nuclear tests in the Marshtill Islunds, ~)pcrtitiun
Crussrotids. tit Bikini Atoll and in the 1947 extensive
resurvey. In the 1950’s, the M~irshull island studies
bcc~nlc the principtil focus 01 tbc Ltiboratory”’s research
et’lorts. The l~st test ot the 66 nuclear dctonutions in the
Marshall Isltinds W:lS IX August 1958, at Eniwctok.
Since that tinle there have been a few uthcr resurveys Lu)d
surveys with (~thcr nlissions.

The nun~e iissigncd tu the Laburati)ry in 1943 by the
U.S. Arnly Ct)rps of Engineers. Manhatttin Prc)ject, was
“Applied [~ishcrie~ L~ibi~r:~tcJry,” :uld bibliogrtiphically
identified :Is U WFL ( University t)t’ Wti\hingt~)n Fisheries
L:iboratc)ry). In 1957 the nanlc was chti[lgcd to Lubora-
tury of R:idi~ltiun Biulogy (LRB) ~ind in 1966 changed
again t{) L~ibor:it{)ry t)l Radi~~tion Ecology” (LRE). T()
avoid contusion.” the sin]p]e tern] ‘bLabor:d{)ry’” will be
used in this rcpc)rt.

In the pltinning sttigcs ft)r the Hanford plutoniunl
pr~)ductiun pltint. there was concern about putcntiii]
inlpuct of the dischurgc c)t’reactor c[)~)ling wutcr into the
Culun]bi:l River and its et’fccts upon the plants ~ind
anill~ids in the river, especially the very }’filutiblc salnl{)n
resource. A study ()( this putcnti:il problc]l] was fuvorcd
by Leslie Grt)ves and Sttitft)rd Warren {)f the U.S. Arnly
C(Jrps of E]lginccrs. the agency responsible for dcvclop-
nlcnt ot the Hant{)rd Project. It wfis then suggested “thtit
the prc)gralll bc set up outside of the M:u~htittan District
by persons experienced in aquatic biology” (Hines 1962).
Liluren R. Dt)n:lldsL)n. College c)t’Fisheries, accepted the
lc~idcrship role t’t)r this reseorcb study in lute sunlnlcr
1943, :ibc)ut 3 nlo utter the beginning of construction uf
the first pi Ic :It Hanford. Hc scrvccf :1s Lab{)rat(~ry
Dircctur tor 24 y. As u Manh:lttiu] District sponsc)rcd
project, the prt)grunl wtis clossificd until it wus tr:ins-
fcrrccl to the At{)nlic I;ncrgy Ct)n~]llission ill 1947.

Nlarshall Islands, 1946-1961
The s(~urces c)t the fall{)ut radionuclides in Miirshall

lsl:inds s:illlples were troll] one t)r nlt)rc {)f 66 nucle;ir
dct{)ntitions: 23 :it Bikini and 43 :d Eniwctok. ‘rhc
schedule c)f detoniltions is given in T:iblc 1.

A dct:iilcd :Ind cxcellcnt Liccoun( 01 the Laborat~)t}’s
invulvcn~cnt in tbc M~lrshall Islands testing progr~]]l is
provided in Hines ( 1962). He purticipatcd in the field
progranls :ind W:LSWCII :icqutiintcd with the L:tb~)r:itory
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Table 1. Schedule oi”tluclc:lr dc(ol)u[ioll,”tit Bikit]i tiIId Et]iwetc)k Atolls 1946-1958”-. —
Nu. of dctor):itic)l)i

“ Sclcc(cd illi’r)rt]l:i[lc)ll1,11III S,l)ull/ .uld S.llult/ ( 1~)~)4),
“ B BIAitli ,AttIll;UICIl.. Iitliwc(oh A(oll.

anLI its people. For this period, he recc>gnized four phases:
1946-1949; 1952; 1954:dnd 1958.

1946 –1949, Oper:lt ic}n Cr{)ssri)tids, pre und post test
surveys. w~is the s[urting point where ~lnl~)st everything
was new. Survey and tinalyticiil procedures needed to be
tested ~nd adapted to the tusk at hand, The instrunlent
first used ft)r dc(ectic)n :Lnd nle~tsurcnlent of r~diati~)n in
the field and in sanlplcs brought to the field or honlc
Itiburatories was a sinlplc Geiger-Mueller counter. The
counting rates provided estinlates c)t’ the relative radio-
activity t)f the sunlples but no qualitative int’orn~ation.
There were prc-Crossroads studies and collections t’or
use in ct)nlparison with the post-Crossroads resurveys of”
1946 Ltnd 1947. For opcrutions Sandstone ( 1948) and
Greenhouse ( 1951) there were no plilns for envir[~t]n~cn-
tal surveys. A plan t’(}r the Laboratory to return to
Eniwctok for a p{)st-Sandstone, prc-Greenhouse survey
w:is ciincclcd because ot’ the Kc)rc~u] war.

1952. The t’irst thernlonuclear deton:ition (MIKE)
was {Jn 1 Novcnlbcr 1952, at Eniwctok Atoll. This I]]uch
nlore pc)wcrful dctt)nation brought a new dinlensic)n to
fullout studies. lThe islet t)n which the dct(}n:ltion c)c-
curred bec:ln]e a ht)lc in the rcct’ lnorc than i .85 ktll (one
nautic~il lnile) wide find 60 n] (200 feet) deep (Hines
1962 ).1 With thcrnl[)nuclc:lr detonatic)ns. n~uch greater
quantities of fall{)ut radiunuclides were produced per
det{)nati{)n. and a rclati~cly gretlter pr[)portion” wos ill-
jccted into the strtilt)sphcrc.

b.” collllllclll\

()(1

1954.
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A 1S-nleudton thernlonuclctir detontiti~)n
(BRAVO) tit Bikini A~oll on I M~lrch 1954. had gr~ivc
c~)nsequenccs. The prevailing wind in this ~irea is the NE
trade wind. but at the tin]c <)t’BRAVO the trop(~sphcric
fi~llout was curried to the NE and E of Bikini. There w~s
a heuvy fi~llout of Br~lvt)-prc)duced radit]nuclidcs {)nt{) a
Japtinesc fishing bc)tit that wds 150 knl (80 nliles) NE of
Bikini tit the tinle of the dcton~ltion” and this incident
bec:unc ot”great nation;il concern to the Jtipancsc people.
Also, Bravo fallout was curried tt) Rt)ngclap Atoll, a
populated atoll, 185 knl ( i ()() nlilcs) cast of” Bikini. The
nleun external d{)sc to individuals at Rongclap was
calculated to be 1.75 Gy ( 175 R): they were in the SE
corner of the atoll, but had they been in the nc)rthct-n iirea
their c~lculatcd dose would have been us great as 8 Gy
(800 R). The radioisot{)pc of gre~itcst concern was 1~[1.
which was prinlarily inhaled by the residents tind accu-
n~ulated in the thyroids. Children were affected nlost
seriously becau~e :1s they becan]c adults thyroid n{)dules
devel{)ped. The Brookhuvcn Ntitional Labortitc)ry had the
responsibility for curing for the health of Rc}ngclap
people. An acct)unt ot’ radiati{)n doses to the people urc
given by Conard ( 1992). Our Labc)rtitory began intensive
cc{)logic:ll studies at Rt)IIgclap soon” after the :irrival {)t’
the 1954 Br~l\t) l’all~)ut. The terrestrial ccosystcnls studies
tire rcp{)rted by Wulkcr, Gesscl. :uld HcILI in tin~)thcr
sccti{)n of this v{)lun]c,

1954 w~s UISC)the year of {he first occon survey, the
vc)yuge of the J:lp:lncsc oceanography” rcsc~lrch vessel
“Shunkc)tsu Maru.” ~uld this wus [OIIOWCLI”by six U.S.



surveys—the Taney in 1955, the Walton and Marsh in
1956, and the Rehoboth, Collett and Silverstcin in 1958
(Palumbo et al. 1959).

1958. By international agreement, the United States
ended the program of nuclear testing in the Marshall
Islands in August, 1958.

As the Laboratory’s Marshall Island survey studies
became less frequent, the knowledge gained from these
experiences prepared the staff for expanding the scope of
their radioecological studies to Fern Lake, Washington;
the Washington State Coast; Amchitka, Alaska; Cape
Thompson, Alaskti; and elsewhere.

1962–1977. In 1964, six years after the lust test
series, the Laboratory carried out a survey of Bikini and
Eniwetok Atolls to obtain information on the long-term
effects of nuclear detonations. The major objectives for
the 1964 study were documentation of biological and
physical conditions at the atolls; a comparison, wherever
possible, of the biological and physical conditions with
those existing before and during the testing period; and
documentation of the radiological conditions of the
atolls. Specifically. during this expedition, the Labora-
tory had documented the kinds, numbers, and condition
of organisms present in 1964, described the physical
environment of the lagoon tind land areas, identified the
radionuclides present, and determined the amount of
radioactivity in the biota and in the physical environ-
ment. An extensive photographic documentation of
plants and the environment in general accompanies the
1964 survey report (Welander 1964).

A study of the concentrations of two long-lived
radionuclides ‘3’)Pu (tl,z = 24,()()0 y) and ‘41Am (tl,q =
458 y) in biota and sediments at Bikini and Eniwetok
Atolls was initiated in 1970. The survey for this study,
later named the Biogeochemistry of the Tr~nsuranic
Elements in Bikini and Eniwetok Atolls, was a joint
effort of our Ltiboratory, the Lawrence Liverrnore Na-
tional Laboratory, and the Puerto Rico Nuclear Center in
1972. The Labor~tory conducted additional field surveys
in 1976 and 1977. The purpose of this study was to
investigate the concentration and redistribution recesses?
of the long-lived radionuclides ‘J’)Pu and ’41Am in
Bikini Atoll lagoon.

In 1974, the Laboratory’s program to determine the
concentration of radionuclides in foods, plants, animals,
and soils was extended to the Central Pacific atolls and
islands. The purpose was to furnish data to other agencies
so that they might make an assessment of the dose of
fallout radiation received by the people living throughout
the Central Pacific. Areas sampled from April 1974 to
August 1975 were, in addition to the Marshall Islands,
Truk and Ponape in the Caroline Islands, Guam in the
Marianas Islands, Christmas Island in the Line Islands,
and Koror and Babelthaup in the Palau Islands.
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SURVEY FINDINGS

Introduction
The basic field program wtis the collection of

terrestrial, lagoon, and ocean samples that represented
the major components of the ecosystem. Initially, a broad
spectrum of sample types was collected but later most
attention for biological samples was focused on specific
radionuclide indicators. With regard to identification and
measurement of the radionuclides in the samples, some
of this work was done in the field, either in temporary
accommodations aboard ships or at the Eniwetok Marine
Biology Laboratory. The purpose of the field measure-
ments was to provide guidance to the on-going field
program. However, most of the samples were counted in
the home laboratory where there were facilities for more
sensitive detection and measurement of radionuc]ides
and longer sample counting times could be accomnlo-
dated.

Both Bikini and Eniwetok atolls were prime collec-
tion sites, and Rongelap Atoll became a major study area
after the arrival of Brlvo fallout from the 1 March 1954
detonation at Bikini Atoll, At the Bikini and Eniwetok
sample collection sites, the nuclear detonation impact
included thermal, over pressure, prompt radiation and
local fallout factors, factors not present at Rongelap
Atoll.

The discussions of the “findings” will be grouped by
major environments: terrestrial, lagoon. ocean. Greater
emphasis will be placed on general findings than on
quantitative values for specific radioisotopes that ch:inge
constantly with time, except when these values may be of
relative significance. If more detailed information is
sought, see the Archives section of this report for the
location and availability of the Laboratory’s publications
and reports, especially Hines ( 1962).

Terrestrial
What happens to fallout after it arrives on island

soils’? Horizontal distribution will be largely by wind,
precipitation, run-off and wash-overs; and vertically by
percolation and sorption. Biological uptake also will play
some role in fallout distribution—for example, the trans-
fer of radionuclides from the ocean to scabirds to island
nesting areas.

Bikini and Eniwctok are in the “local” fallout area
where “the effects of blast and fire may be of even
greater importance than the effects due to ionizing
radiation . . .“ (Eisenbud 1963). The specific cause of
observed effects may be difficult to identify. The esti-
mated relative yields of a nuclear explosion at “ground
zero” tire as follows: “Approximately 507G of the energy
from a nuclear explosion is released in the form of blast
effects, 35Vo as thermal radiation and the remaining 1570
as ionizing radiation . .“ “ . . .Of the ionizing radiation
one third is prompt radiation . . . and the remainder is
produced by decaying fission products and induced
radionuclides” (Eisenbud 1963). Hence, the “cause-
effect” relationship in a “local” fallout area is clouded by
uncertainty about the cause(s).
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The first thermonuclear detonation was the Mike
shot of 1 March 1952 at the northern reef of Eniwetok
Atoll. The estimated energy release was 10 MT. The
Laboratory conducted both pre-shot and post-shot sur-
veys. For the pre-shot survey, the most radioactive
sample types (the residual radioactivity from previous
detonations) were algae, aquatic invertebrates, plankton,
fish, land plants and land invertebrates. The post-shot
collection schedule in terms of days after Mike and of
distance from ground zero were as follows: +2 to +4 d,
26–37 km (14–20 miles); +5 to +6 d, 13–22 km (7–12
miles); and +7 d, 3.7–5.6 km (2–3 miles). The order of
radioactivity for sample type was the same as for pre-test
samples except that post-test land plants ranked third.
The ratio of post-shot to pre-shot radioactivity values
was about 300 for the aquatic organisms and 1,000 for
the land plants and vertebrates (Donaldson 1953).

For the 1959 Rongelap samples, information about
what radionuclides were present in what samples was
presented in an ecosystem type of chart. See Fig. I
(Hines 1962). The distribution of fallout isotopes at
Bikini and Eniwetok in comparable samples would be
expected to be similar to Fig. 1. Although Bikini and
Eniwetok were in the “close-in” fallout zone, there was
no close-in fallout at Rongelap.

In 1964, a radiobiological study of the islands and
reefs of Bikini and Eniwetok atolls was conducted by
Welander et al. ( 1964). They observed that principal
damage to the islands was the loss of topsoil on or near
the test islands, apparently as a result of blast and heat
effects. Similarly. blast and heat damaged the reefs and

added greatly to fine silt and turbidity of the reefs and
lagoons. 60C0 was the dominant radionuclide in the
marine samples, whereas 137CS and ‘)OSr were dominant
in the land environment (Welander et al. 1964).

An extensive radiological survey of plants, animals,
and soil at five atolls in the Marshall Islands was reported
by Nelson ( 1979). The results of this survey indicated
that ‘JOSr and 137CS were dominant in the terrestrial
environment and, in addition, 241Am and 23(J’240PU were

also important long-lived radionuc]ides in the soil sam-
ples from Bikini and Rongelap atolls. 60C0 and 55Fe were
dominant in the marine environment together with natu-
rally occurring 40K.

The amounts of radioactivity varied between atolls
and between islands within an atoll in relation to the
distance from the test sites. In the 1974–1 975 survey,
Bikini Atoll had the greatest amount of fallout r~dioac-
tivity (’)(]Sr, I 37cs, and 23~),240 Pu), but the northern islands
of Rongelap Atoll had only slightly lower amounts.
Rongerik and Ailinginae Atolls and the southern island
of Rongelap Atoll had similar amounts of radioisotopes
but were less than similar values for Bikini by factors of
5 to 10 or more. Values at Utirik Atoll were lower still,
but were higher than amounts at Wotho and Kwajalein
Atolls. Christmas Island in the Line Islands had the least
amount of radioactivity of the areas surveyed. It was
concluded that radioactivity on Bikini and Rongelap
atolls had declined significantly with time and should
continue to do so because of physical and biological
processes (Nelson 1979).
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(Hines 1962).
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The soils of the Marshall Islands consist of calcar-
eous materials and a thin layer of organic matter that has
produced a shallow, organic-rich horizon suitable for
certain plant growth. Plutonium and americium nleasure-
ments of surface soil samples collected on 6 of the 26
islands of Bikini Atoll in 1975 showed that ‘-‘3’’’24’)PU
values ran~ed from 0.02 to 13.3 Bq g 1 (().5 to 360 pC\
g 1) and ‘41Am values ranged from 0.04 to 1.7 Bq g
( 1.2 to 45 pCi g 1). The vertical distribution of pluto-
nium in soil vtiried with soil types. Although about ~8Yc

of plutonium was retained in the top 25 cm in undis-
turbed soil, the remaining 270 was detectable as deep as
100 cm. The suspension and resuspension of plutonium
and plutonium-bearing particles in the soil column by
rain water (150–175 cm y–]) seemed to be the principal
mode of plutonium transport in the soil. Plutonium was
found to be associated with the tilgal crust of the atoll
soils. A comparison of “OSr and plutonium showed a
similar pattern of vertical distribution in both disturbed
and undisturbed oreas. although the values for ‘)’)Sr, 13.7

‘~t,~?,;’ ’371 PCi ~
- 1), were much greater than for

PuS ().3 Bq g-- (9.3 pCi g ‘) (Nevissi et al. 1976).
General findings from the terrestrial surveys arc as

follows:

1. Fission products are present in organisms of the
terrestrial environment whereas activation products are
prcvtilent in marine organisms.

~, The best biological indicators of fallout radionuclidcs

are:
a. terrestrial—coconuts, land crabs
b. reef—algae. invertebrates
c. marine—plankton, fish

3. The ctcficiency of potassium in Marshall Island soils
enhances the uptake of 137CS by plants and animals.

4. Potassium fertilizers can diminish 137CS uptake.
5. In are~s devastated by nuclear detonations signs of

plant regrowth were seen within a week, and “green-
ing” of the urea within a month.

6. Rats living in underground tunnels and nests survived
in areas close to large detonations.

7. The geographical, environmental, and biological dis-
tributions of fallout rddionuclidcs were WCII cstab-
Iished.

Lagoon
Generally, what happens to fallout after it arrives on

the lagoon surface is similar to what occurs in the ocean,
except that the basin is smaller and the circulation pattern
is more restricted. The northeast trade winds move the
surface waters from the east to the west side of the lagoon
and in so doing there is upwelling on the east side of the
lagoon to replace the westward flowing surFacc water.
Hence, a circulation pattern is established in which
surftice water moves westward and sinks, and the bottom
waters move eastward and upwell. The average depths of
the lagoons are about 60 m (200” ft). The tlushing time for
Bikini lagoon, in term of half-time is about 1 mo (Van
Arx 1954). Therefore, nearly complete flushing would
occur in 7 mo—i.c., more than 9970 of water present in
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the lagoon on day one would have been tlushed into the
ocean.

Plankton samples were collected in the lagoon as
well as in the ocean. Following is an account of a
representative lagoon plankton survey. In the 1949 sur-
veys of Bikini, Eniwetok and Likiep, plankton collec-
tions were a part of each survey. (There were no nuclear
detonations in 1949, but in 1946 there were two at Bikini
and in 1948 three at Eniwetok). Likiep Atoll was a
control area, i.e., outside of the fallout pattern but 280
miles SE of Bikini.

Forty-six samples were obtained by filtering water
through nets of various mesh sizes. The nets were either
towed or water was pumped from specific depths through
them. The ratios of the radioactivity for test sites versus
control were as follows: Bikini, (Island area)/Likiep, I;
Bikini, (target area)/Likiep, 3; and Eniwetok, (test site)/
Likiep, 8.

The plankton samples from the fine-meshed nets
were the most radioactive both in 1948 and 1949. For
comparable samples at Bikini and Eniwctok the 1949
radioactivity values were about one-half the 1948 values.

The radioccology of plutonium and americium in
Bikini Atoll lagoon was studied during 197 I-1977. The
largest source of radionuclides available for transport as
indicated by ~J1Am and ‘3’)’Z4’)PUin sediments and water
samples resided in the deep water in the northwestern
quadrant of Bikini Lagoon approximately 6 km south of
the second thermonuclear detonation, Shot Bravo. The
highest concentrations of ‘J[Am and ‘3’)’Q4’)Puwere 2.9
Bq g-’ (77 pCi g- 1, and 4.4 Bq g-’ (120 pCi g ‘),
respectively. The concentrations in the bomb craters
were substantially Iowcr than these values probably duc
to two processes: ( I ) dilution by eroding crater wall
material and (2) loss of the fine particles containing the
largest concentration of r~dionuclides by tluvial transport
away from the crater (Nevissi und Schcll 1975a).

Concentrations of soluble and particulate americium
and plutonium in surfi~ce and deep water samples showed
distributions similar to the sediment samples—that is. the
highest concentration of these radionuclides in the water
column were at locations with highest sediment concen-
tration. Sixteen years after the last nuclear test on the
atoll, the radionuclides were neither totally buried in the
lagoon sediments, nor had they been completely trans-
ported to the ocean. Continuous circulation of water in
the Itigoon and the exchange of water with the o en
ocean resulted in removal rate of’~ 1$m, 1I I GBq y ? (3
Ci y ‘) and ~3’)z4’)Pu, 222 GBq y (6 Ci y 1) into the
North Equatorial Current (Nevissi and Schell 1975a).

Measurements of radioactivity in water and biolog-
ical samples from Bikini and Eniwctok lagoons in 1972
indicated that the values of naturally produced z l(lPo
were usually greater than the values of ~3yzJOPu that
were produced by nuclear dctontitions, by Fdctors as great
as 100” (Nevissi and Schell 1975 b).

Ocean
What happens to fallout after it arrives at the ocean’s

surF~ce? It will enter the surface water circulation sys-



terns, begin a downward descent and some will be
absorbed or adsorbed by organisms in the water. Before
the fallout radionuclidcs enter the deep waters of the
ocean (average depth, 3.800 m). they move through a
transitional zone where there are steep gradients for both
temperature (thcrmoclinc) and salinity (pycnocline). This
zone may temporarily delay the descent of the fallout
radionuclidcs into the deep water. which ischaracterizcd
by stratification and very slow movement.

In the Bikini-Eniwetok area, the surface waters are
in the major gyre of the North Pacific Equatorial Circu-
lation system. which rotates in a clockwise direction that
moves westward to near the Philippine Islands. Here, the
major portion of the stream turns northward in the
direction of Japan and is known as the Kuroshio Current.
The lesser portion flows southward and then eastward
near the equator and is known tis the North Equatorial
Counter Current. In the surface current there is constant
and vigorous mixing, which rapidly dilutes the concen-
tration of the fallout radionuclides. Horizontal distribu-
tion of radionuclides is principally by surface water
currents and to some degree by plankton and larger
organisms. Pltinkton movement is passive except for
sornc diurnal movement in surface waters; for larger
organisms, their movement may be multidirectional.

There have been ocean surveys in search of radio-
nuciides produced by the Brdvo (Bikini Atoll) detonation
of I March 1954, by both Japan and the United States.
The general objectives have been to locate the fallout
“foot print,” determine its rate of advance. predict arrival
time at specific locations and determine the kinds.
amounts, and distribution of the radionuclides in the
water and biota.

The Japanese oceanographers were the first to
search for fallout radionuclides in the ocean from nuclear
detonation at the Pacific Proving Grounds. There was
great national concern in Japan about the consequences
of Bravo fallout in the North Pacific Ocean. This concern
was conditioned by the Hiroshima-Nagasaki experience,
(he illness that befell the fishermen who were aboard the
Japanese fishing vessel near Bikini at the hour of the
Bravo detonation, the contamination of the tuna caught
by and sold to the Japanese, and the prediction that the
Bravo “foot print” would reach Japan by early 1955, all
of which contributed to the vast “unknown” about the
hazards from ionizing radiation. As a consequence, the
Japanese conducted a full-scale oceanographic survey
from 15 May to 4 July 1954, with the research vessel
“Shunkotsu Maru,” in search of the Bravo “foot print.”
Also, between October 1954 and February 1955, two
Japanese training ships made incidental collections of
water and fish for radiological analyses while in transit
through areas in the vicinity of the test site.

The first U.S. ocean survey to scope the Bravo
fallout “foot print” was in March and April, 1955, in the
area of the test site and westward, then northward, to
Japan. One of the objectives was to answer the question,
“Would it be safe to swim in Japanese coastal waters in
1955’?” Otherwise, the objectives were similar to those

for the “Shunkotsu Maru.” The U.S. operation was
known as “Troll” and the U.S. Coast Guard cutter “Roger
B. Taney” was the platform for the survey (Harley 1956).
The radioactivity in the sur~ace water was constantly
monitored by a specially built probe towed behind the
ship: also, samples of deeper water, plankton and fish
were obtained for radiological analyses. Direction of the
Troll Operation was assigned to AEC’S Health and
Safety Labortitory, New York; the survey team members
were from several laboratories, including one from the
University of Washington.

After Troll, there were two ocean surveys in 1956,
and three in 1958. Four of these surveys were Laboratory
programs and the other (in 1958) was a joint effort of
three teams, of which the Laboratory was one. All of
these surveys were supported by ships from the U.S.
Navy. The general objectives for study of the fallout
“foot print” remained the same, and, in a sense, the later
surveys were considered to be sequels to preceding
surveys. Principal findings are as follows:

1. The Bravo (March 1954) radionuclide footprint was
identified in water samples below the therrnocline
near the Philippine Islands in March 1955. The
identification was by radioisotopes of nuclear detona-
tion origin and the quantity was less than the abun-
dance of naturally occurring radionuclides. (Signifi-
cance—the coastal Japanese waters would be safe for
swimming in 1955. )

2. The rate of advance of radioactivity in surface waters
was estimated to be approximately 13–I 8 km (7–10
miles) per day and was reasonably CIOSCto previous
predictions.

3. The U.S. surveys generally confirmed the results of
the original survey by the Japanese.

4. After the underwater detonation in the ocean 3.7 km
(2 miles) SW of Eniwctok Atoll, Test Wahoo on 16
May 1958, the distribution of the radioactivity in
surface waters was as follows:
. +6 h; major concentration, top 25 m; thermocline,

little;
● +28 h; major concentration, top 50 m; thermoc]inc,

little; and
. +48 h; major concentration at thermocline ( 100 m):

some to 300 m.
5. Immediate] after detonation the short-lived fission

~) ~{)Tc; ]~~Te,products— Mo, 1321; 140Ba-were dom-

inant in plankton. The radioisotopes ‘)OSr and 137CS
accumulated slightly in marine organisms; in fish,
radioisotopes of iron, zinc, and manganese prevailed.
Some weeks after the detonation, the principal radio-
nuclides in plankton were radioisotopes of zinc, co-
balt and iron. Note: The principal fi~ctor in radionu-
clide accumulation by plankton could be adsorption
(Lowman 1960).

6. To indirectly monitor the arrival of fallout radionu-
clides “downstream” from the test sites, collections of
plankton, fish, invertebrates and algae were obtained
from Guam, Palau and the Gulf of Siam from July
1958 to October 1959. Their distances from the test
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sites were approximately 2,200$ 3,600, and 7,900 km
( 1,200, 1,950, and 4,250 miles), respectively. Guam
and Palau are in the North Pacific Equatorial Current
System, the Gulf of Siam is not. [n terms of gross beta
activity of the plankton samples, the Guam samples
were very much greater than the other two and Palau
greater than the Gulf of Siam. Radioactivity of the
Gulf of Siam samples was no greater than would be
expected from naturally occurring radioisotopes.
There was a major peak at Guam in January 1959 and
a minor peak at Paltiu in August 1958. Conclusion:
the feasibility of using biota for this indirect measure
of identifying the presence of fallout radionuclides
transported by water is demonstrated; however, a
reliable prediction of the date of radionuclide origin
(the date of nuclear detonation) cannot be made from
the available data.
Plankton are the best indicators of radioactive con-
taminants in ocean waters. Collection and analyses
are relatively simple. Concentration factors, plankton/
water, are of the order of 104 shortly after the
detonation but decrease rapidly with time, due to
decay of short-lived radionuclides and dilution.
The probe used for constant monitoring of radioactiv-
ity in surface water provided data that compared
favorably with data obtained by conventional water
sample analyses.
Conclusion: In consideration of the hazards to man
and biota from fallout radionuclides, the consequence
would be less for fallout into the ocean than onto land
for two principal reasons—the much greater dilution
in the ocean and the very long residence time in the
deep waters of the ocean.

Other observations in seawater and fish

55Fe in seawater and fish. 55Fe is a neutron-
induced radionuclide produced in large quantities from
ferrous materials in the immediate vicinity of a nuclear
detonation. Usually this radioisotope was the most abun-
dant fallout radionuclide in marine organisms at the time
of, and a few months after, some of the detonations. In
Bikini Atoll lagoon, concentrations of’ 55Fe found in
water were 4.4–25.2 By m–s ( 120–680 pCi m–s) in
1972 and were estimated to be partitioned into 4570
particulate (>0.3 mm), 45% colloidal and 107. soluble
(Schell 1976).

Samples of light and dark muscle from tuna ob-
tained in 1968 and 1969 from the Japanese tuna fishery
in the Pacific and at Bikini Atoll showed no significant
trend in the data when ‘sFe-specific activities were
compared by species, month of catch, location of catch,
or size of fish (Held 1973). Tuna from the southern
hemisphere tended to have lower concentrations and
specific activities than tuna from the northern hemi-
sphere. There was a close correlation of ‘sFe-specific
activity in light muscle, dark muscle, and liver, and of
55Fe concentration between dark muscle and liver. Yel-
‘lowfin tuna caught near Bikini Atoll contained ‘ioCo
believed to be derived from the atoll (Held 1973), 55Fe in
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Rongelap people, fish, and soils were reported by Bea-
sely et al. ( 1972). They reported that the 55Fe body
burdens for 60 residents of Rongelap Atoll were approx-
imately three times higher than those of a similar number
of residents from Tokai-mura, Japan, which in turn had
substantial 55Fe body burdens.

Biological accumulations of radionuclides from
the ocean. Three factors appeared to control the selective
uptake of radionuclides from sea water by the plankton,
omnivorous fish, and carnivorous fish studied by Low-
man ( 1963). These were isotope dilution (by the corre-
sponding stable element or chemical analogue element)
in the sea water, the tendency of divalent cations to
complex strongly with biological substrates, and the
biological requirements for specific elements in meta-
bolic processes. The uptake patterns in the three trophic
levels were as follows.

During the first 48 h after fallout, the plankton in the
contaminated area accumulated radionuclides (the mech-
anism of this accumulation, whether by adsorption or by
active metabolic uptake, was not known) in approxi-
mately the same ratio as they occurred in sea water. After
I wk the radioisotopes of the three elements cobalt, iron,
and zinc were actively taken up by the plankton. Omniv-
orous fish, which feed on plankton, altnost completely
excluded the fission products and concentrated “5Zn and
55’59Fe but discriminated against 575X(’OC0. Carnivorous
tunas, which feed primarily on omnivorous fishes, dis-
criminated against zinc and manganese but concentrated
iron and cobalt (Low man 1963).

Aberrant growth forms. Instinctively, where ra-
dioactivity is present in an area that has been exposed to
high levels of radiation some time in the past, one looks
for aberrant growth forms and if these are seen. one is
inclined to ascribe the abnormality to the radiation
exposure; however, at a nuclear test site, establishment of
a meaningful radiation exposure-effect relationship is
nigh impossible. Biddulph and Biddulph ( 1950) observed
ten or more plant species with morphological abnormal-
ities, but some of the same abnormalities were found in
non-fallout areas. Some were caused by insects, some by
bird droppings, and some by chemicals. However, a
rough estimate of the radiation-dose effect relationship
can be obtained from the results of controlled field
experiments by Gunckle and Sparrow ( 1954). They
observed that chronic dose rates of gamma radiation of
0.13–O.37 Gy d“- t (13–37 R d 1, for 2–4 mo [total dose,
7.8 to 55 Gy (780 to 5,500 R)] can cause plant abnor-
malities of various kinds similar to those found at
Eniewetok Atoll (Palumbo 1962).

Certainly exposures equal to or greater than those of
the Gunckel-Sparrow experiments were present at
Bikini-Eniewetok. Apparently there is no aberrant
growth form that is uniquely related to ionizing radiation
exposure. The plant with the most obvious morphologi-
cal abnormality was the morning glory. Instead of being
a trailing vine, on occasion it grew upright as a foot-and-



a-half-high stalk with regenerated, rudimentary leaves
and many tumors (Hines 1962). Tumorous morning
glories on Engebi Island (Eniewetok Atoll). first ob-
served in 1949, were also present in 1957 (Palumbo
1962).

No morphologically changed fish or invertebrates
were seen. However, there was one interesting nuclear-
detonation fish-related observation. In 1954, in a shallow
reef area near a detonation site, Eniewetok Atoll, a few
mullet about 37 cm (15 inches) in length were caught that
had a band of green algae growing on one side of their
bodies near the top of the fish. One guess of what had
occurred wtis that the fish had been near the surftice in an
area near ground zero and had received a thermal burn,
and that omnipresent algae had successfully invaded the
injured flesh. The collection was made only 1 wk after
nuclear detonation at a nearby site. Since the injured
flesh occurred on only one side of the fish, the injured
side suggested the orientation of the fish to the heat
source at the instant of the detonation.

[n a non-Laboratory related program, a study of
Dro.~()/}tzil(i (a fruit fly) mutation rates of natural colonies
were made at Bikini and control atolls by W. E. Stone.
Stone et al. ( 1957) have concluded from studies of the
Dro.sopllil(l” populations at Bikini that. whi Ie there is
evidence of genetic changes caused by radiation, other
factors mask the radiation effects.

In regard to the number of abem~nt growth forms in
the near detonation site areas, perhaps the organisms with
significant potential to produce morphological abnormal-
ities did not survive the initial impact of the detonation,
or if they did survive, they were lost by predation.

Survival of the Polynesian Rat at Engebi Island,
Eniewetok Atoll

This 250 acre island has a population of rats that
survived heavy bombardment by the U.S. Navy in 1944,
and heavy construction and earth movement during the
nuclear testing program, and was near ground zero for
four nuclear detonations in 1952–1 954, including a
wash-o~,er. The rats live underground in nests and path-
ways 15 to 60 cm (6 inches to 2 feet) below the sur~ace
but feed at the surface principally on seeds and vegeta-
tion. Apparently they survived because they were under-
ground at the time of the detonations, but post-detonation
survivors were exposed to significant external radiation
plus some internal exposure from foodstuff. In 1955,
both the number of rats and the size of their habitat were
increasing. In 1964, populations appeared to be in equi-
librium with the available food supply.

Resiliency
During the years of observations of the environmen-

tal damage in areas near ground zero for nuclear deto-
nation. a subjective opinion developed that recovery by
plants was more rapid than might be cxpcctcd. To
provide some objectivity to this opinion a program was
planned to make both pre- and post-detonation observ:l-

tion of plants in an area near ground zero of a nuclear
detonation.

The area selected was Belle Island, 5 km (2.7 miles)
from ground zero for the Nectar detonation of 14 May
1954, at Enicwctok Atoll. Belle was far enough away that
the plants were not expected to be uprooted, but heat,
ovcrpressurc and ionizing radiation were expected to
produce significant effects. Previously, Belle had been
scathed by the November 1952 Mike detonation but the
damage to plants and loss of topsoil was not documented.

Before the Nectar detonation, specific plants and
shrubs were staked, Iabcled, measured and photographed
(Palumbo 1962). After the detonation, observations were
made for comparison with the pre-event plant conditions
and gamma survey meter readings were obtained. The
calculated dose rate at + I min was -0.01 Gy h-’ (1 R
h“- ‘); the accumulated dose at 200 d was calculated to be
-4 Gy (400” R). The first post-event observation was +8
d, and from the air Belle looked scorched, i.e., brown and
desolate with most of the surviving shrubs prostrate, but
closer observation on ground showed signs of new
growth. An abbreviated account of the observations
follows:
+8 d green buds were observed (there was a heavy

rain 3 d post detonation)
+35 d new shoots, leaves and flowers
+3 mo some shrubs near pre-Nectar size
+6 mo most shrubs near pre-Nectar size
+10 mo generally, all vegetation back to pre-Nectar

status

At Bikini Atoll in 1985, Fosberg observed the
revegetation of the atoll and concluded, “The simple,
quantitative effects of previous nuclear testing, construc-
tion and resettlement activities on vegetation have per-
haps been minimal. The islands are all practically com-
pletely vegetated at present except at places where
disturbance has been very recent ., . The total biomass
may be as great or greater than at the time when the
people were first removed” (Schultz and Schultz 1994).

The recovery of plants at Eniewetok in a general
way is similar to plant recovery now seen following the
1980 Mt. St. Helens eruption and the 1988 Yellowstone
Park Fire.

Archive samples
Over the years, personnel from the Laboratory have

collected terrestrial and marine samples from various
locations throughout the Central Pacific. In general, the
collection trips and analytical programs were conducted
to survey radiation at sclectcd sites or to maintain a
post-testing monitoring program. There have been few
attempts to compare data from different sampling pro-
grams or to examine the results for long-term trends in
radionuctide concentrations. Many of these samples have
been analyzed for total radiation or for selcctcd radionu-
clides, and the results have been forwarded to the
granting agencies (AEC, ERDA, DOE). Many surplus
samples have been stored for additional analyses at a
later date.



Currently, there are several thc~usand samples stored
at the School of Fisheries, and a few hundred have been
transferred to the Nevada Test Site for st(>rage. N(J
similar collection of samples is known to exist elsewhere.
Therefore, these samples represent a unique source (>f
informati{~n for describing the initial uptake, accumui:l-
tion. and subsequent loss of long-lived radionuc]ides by
both terrestrial and aquatic bi(~ta. Furthermore, additional
radiological analyses (}f s(~me samples may be useful for
calculating the dose that native populations were cxp(~sed
to during the testing.

Availability of the laboratory reports
Some of the Laboratory reports of the early years of

the Marshall Island studies bore military and/or AEC
classific~~tion originally but later were declassified, and
some were in the “gray literature” area and may remain
difficult to find, but many were published in the open
literature. After the Lat-sf~r~tt}ry closed its doors in early
1980’s. one set of the I.ahorator-y ’s copies of their
research reports was transferred to the Publications
Office, School of Fisheries, University of Washington,
and a duplicate set of early publications was retained at
the University (}f Washingtt)n’s Fisheries/Ocean(> graphy
Library.
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STUDY ON RONGELAP ATOLL

Richard B. Walker,’K Stanley P. Gessel,’~” and Edward E. Held”i

}ibstract-t)nring the 1950’s and 1960’s, the I.aboratory of
Radiation Ri{dugy at the [University nf Washingt{m carried out
an intensive study of this Atoll, which was contaminated with
radioactive fallout from the “Bravo shot” in 1954. This study
involved many aspects of the environment and the plant and
animal life: soils. land plants, marine life, birds, geology and
hydrnlngy. and human diets as well. In much of the research,
the f{)rtu~tiously present radioactive isotopes, especially “7CS
and “(’Sr, were tracers. Although the term “ecosystem study”
was not in V{)glle ;It th~t time, it is clear that this }Vas an earlY

use of the ecosystem approach. Soil types and their develop-
ment, the distribution of mineral elements in plants and soils,
including predominant radionuclides. distribution and growth
of native terrestrial plants in relatinn to t(~pugraphy and
salinity, snme aspects of the human diets, rnicronutrient nntri-
tion of the coconut palm, island and islet development and
stability, were given attentinn in the studies. Some of tbe
findings in the various areas of study will be presented and
discussed.
Health Phys.73(1):223–233; 1997

Keywords: “~7Cs; ““Sr; Nlarshall Islands; food chain

lNTROIIUCTION

Al:rliol(;t{ the first studies clf the effects f~f at(~rnic testing
htld conccntritted c~n Eniwet(>k and Bikini :it(~lls, the
f:illI~ut fronlthe’’Br~\’os h(>t”’itl 1954 w:lssL1bst:}nti:tlon
Rongel:tp At(~ll (this incident :tnd thefall(~ut distribution
were described by Hines [962). This led to intensive
(>bservati(>n:il :Ind rese~trch efforts on this :Itoll by the
Lab(~r:it(~ry ot’R:ldi:lti(>n Bi(}l(~gy (Itlter R:ldiiiti(~n Ecnl-
ogy) (lfthc University of Washington, under the le:ldcr-
ship (~fL:iuren D(>n:ilds(}n. andothe rgr(}up sot’er the next
twenty or more ye:~rs (Hines 1962). In M:lrch 1958. the
University of W:lshingt(~n group. upon recluest from the

Division nt’ Bi(}lc>gy :Ind Mcdicinc, [J. S. Atomic Energy
C(~nlnlissi(~n. :md with spcci:tl enc(~uragemcnt by John
W(llfe, (Jne (Jt’ its progrttm directors, started a c(lmprc-
hcnsive progr:ml of cc(~logical studies including mnst
:ispects of the plant and ;lnim:tl life ;tnd their environ-
ment: soils. lt~nd pl:mts. :Ilg:le, fish, birds, invertebrate
animals, gcc~logy :ind hydr(~l(~gy. The diet (Jf the resident
human popul:itiml. which returned in 19S7 three years

:lt’ter evacu~lti(ln. WLISincluded as well, Such an inclusive
tlpproil~h would now bc called an ecosystem study.
:llthnugh the term was not widely used :lt that time. The
n:lturc of the studies and s(~mc findings of investig:lti(~ns
in :1 number of these areas will be c(~vered below.

SOII.S

Soil classification
Some hackgr(lund inf(~rm:iti(~n was available on

:It(lll s(lils (.st(~ne 195 !, 1953; F(jsberg t 954). but little
specific information on R(>ngcl:lp soils, Over sevcr:il

ye:irs. Gessel ond his :Issoci:ltcs m:lde extensive field
obscrvatinns ~lnd collections on m(>st of the islands of the
:lt(~ll. f(>llowecl hy substanti:ll l:lb(>r:lt(}ry studies of the
s:implcs.

They rcc(~gnized five s(~il series (Kenady 1962).
b:tscd prim:lrily on the vcgctati(~n ;Ind on signific:int
differences in the surf~~ce (A, ) h(>rizon in the percentages
of c(};lrse matcri:ll, (Jrg;mic mzltter. and t(jt:d nitrogen, in
ph(~sphorus. :md in c:lti(}n exch:mge capacity (T:lble I).
Als(} there [Ire sh:lrp differences between the series
dccpcr d(>wn in the pr(~filcs, :Is shown by the comp:lris(m
between a Gogan soil fr(~m a Pi.~()/~i(/grove in the center
{Jt K:\belle island :md ;l Be~ich Ridge S:md developed
under pi(~nccr shrubs near the l:ig(~(>n(>n R(~ngelap Isl;md
(T:lble 2). Organic matter. nitrogen, exchange ct~p:icity.
imd especially ph(~sph(>rus are higher in the upper Iilyers
of the CJ(}giln soil. These c:l[c:ire(>us soils c(lntllin no clay.
so cxch:tnge cap:lcity is derived solely from (~rg:inic
matter. Our Gngart series tn:[y bc a younger stage of the
Jem(~ series described on Arn(~ Atoll in the southern
Marsh:lll Islands (Stone 195 I ) and by F(>sbcrg ( 1954) for
the n(}rthern Marsh:dl Isl:lnds. Mnrc complete discus-
si(ms of :Itoll soils are given in F(>sherg ~lnd Carroll
( 1965) ;Lnd Mnrris(~n ( 1990), but were published tifter (}ur
studies.

Soil development
With age and stability, :Ind the ste:ldy contribution

of litter from the veget:ition, soil org:mic matter imd

fertility increase. Both the amounts of litter :md the
nitrogen :md ph(lsphorLts contents v:lry with the species
growing on a site. Pi.soI?i(/ stilnds drop more litter th:in

stands of pioneer species (.$(”(1(’t’()/(1 :ll(~nc or S(’([O1)()/(l

together with 7i)r(r/tc:fi~rti(/ ;md C;II<’r[{Ir{/~1), :Ind the
Pi.~()/7i(/ litter :IIs() h:ls :1 much higher nitrogen c(~ntcnt
(T;]ble 3). although in part this reflects the guano fr(~m

~~j
Reprodl.~ced from the Journal Ilealth PhYS; cs t~i.th
permi.sn~ c)n from the IIealth Phys: cs Soc ‘.ety
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Table 1. Properties of the A, hnriz(lns ot’ (he t’i\e principal soil series,”

Rcmgcl:lp Grrgtm Be;ich
Gru\elly Gmvell y L(lmllilk(l Ridge Kahellc

Soil \eries- Simd Szmd\ L():ml S:md Slmd Stmd

Soil property J
‘X Mfitcriol > 2 mm 46, 10. ().() 8,() 8.()
c1 Nitrogen ().57 1.71 (),26 ().()9 ().14
cl Org:mic m:ilter 16.7 35,6 6.4 4.5 7.7
Exch;mgc ci~pacilyh ?? ?--, + 37.7 12.6 3.7 5.7
Poti\s\iunlh I.95 I .X() ().79 ().37 (),46
M:lgnesiumt’ 4.19 11.1 ~,~] 2.55 [.[)~

Sodium’> 3.36 4,01 2.6X 1.16 1.52
Phosphorus’” 81.7 9X5 54.2 3~8 32.1
pH 8.1 7.x 8,4 X.6 8,6

“ Dat;l from Kcnady ( 19(>2). The A, h(Jrizml is the tnp ktyer of rnincrul ~oil. d:irk in colnr hecousc nt’ its (~rg~micmatter,
h Exch;mge:lblc catiml\ in ccrrticquiktilents pcr kg of (~vcn dry inil (2 mm fv~ction)
CP,irl\ per million ph(lsph{~rus cxtr:icled hy bicnrh(m:lte (Olsen et ill. 1954).

Table 2. Conlp~rison of Gog:m Gravelly Sandy L():uT1 and Beach Ridge Sand.”

Exch~mgc~ihle c:iti{ms (ccntieq kg ])“
S;mlplc ‘x>?

depth (cm) mm ‘AN ‘? O.M, c1 Mg K N:I C;ip;lcity P pH

Be:ich Ridge sand
()–5 x (),()8 3.8 2.63 2.07 (),3() I ,?~l 2.8
5–12.5

18.1
16

8.4
(). I3 j,[) 3.48 2.61 ().5() 1.06 4.6 14,1

12.5-22.5 10
X.4

().()7 ~,~ ~,~~ ?,49 0.23 ().85 ?. 1
~~,~–~()

1(),()
12

X.6
().15 5.3 3.50 1,51 ().38 1.9fr 7.()

3045
1(), I

~~
8.3

0.09 3,7 3.13 1.21 ().26 1.31 ?.4 x.() 8.5
45–92,5 7 ().()3 I ,9 2.76 1.67 ().23 1.09 ().8 9.() .

92,5–1 10 14 (),()3 1.3 ?.81 1.51 (). I8 1,06 I .() 26.()
I lo+ 21

9,()
().()1 1.1 2.63 1,51 ().2 1 1.2X (). I I0.() 8.5

G(>garr Gmvclly S:mdy Lmlm
(! I() I .54 21,4 10.3 7 .() 2.() 20.5

()–2.5
I330

20
7,4

I ,96 . 7,4 L 3.() 43.6 893
2.5–12,5 20

7. I
(),42 5.9 14.1 4.() (),8 17,9

12.5–30
416

27
7,9

().18 6,8 (>.2 ~,~ ().4 7,2 216
30-50” 39

8,2
().()7 ?.6 7.7 1,2 . ().-1 2.6

50-65 56
151 x.()

().()5 2.6 7,8 1,1 . ().4 1.7 25 8.8

“ Dilt:l t’rmn Kenady ( 1962),
1’Soil tm;dyscs perl’ormcd (m the 2 mm Irocli(m; cxch;mge;ible c;ltinni determined hy il~mlc spectrt]pht~tonletry ~~t(crc~tmctiun with
mnmmlium ncct:lte: the :iLtsorhcd:imm(miLimwa\ Lii\plzce(itrnm the s:tmples. (hen assayed t[) ;itt:~in cxch;mge c~pacity: ph(]sphorus
wJs determined in the iodium biciirh(~ntlte extinct ncc(]rding lo Olsen CI LII.( 1954), NcJ/t,: The ~OILIl01 cxchtlngc:lb]e c~l(i{msm:ly exceed
the capucity hcc~~usc of dissol\)irr~ nt ci~rhnrr:]tcs in the cxtmclin~ solution.
LAm]lysis not :ikail~~ble.
‘fOrg~nic l:~yer ;Ihovc the miner:il soil.

birds which favor Pi.ro)?i({ for roosting (Gessel and
Walker 1992). Pisotzi(/ litter is also relatively high in
phosphorus (Billings 1964). Litter decomposes rapidly in
this warm environment, with half or more of its weight
reported lost in 6 mo in a litter bag decomposition study
(Gessel and Walker 1992).

Two features of the soils— organic matter contents,
and the presence of buried horizons—are obvious in
micromonoliths, prepared by impregnating samples,
which were removed at increasing depths in soil pits,
with plastic resins (Held et al. 1965a). Fig. I illustrates
the differences between typical profiles of the different
series as represented in micromonoliths. The buried
horizons indicate that repeatedly in the past, especially at
the unstable margins of islands, the growth of vegetation
and the consequent development of soils occurred, only

to be covered over by raw sand deposits in catastrophic
storms, so that soil development had to start anew.

Retention and movement of ions
The differences described above between the soil

series, reflecting primarily the ages of the soils and the
amounts of organic matter accumulated, are also of
importance in their retention of radioactivity and the
movement of the elements and their isotopes. Since the
exchange capacity is directly related to organic matter
content, the adsorption of ions is on this organic matter
and on the algal crust, which is common on the recently
developed “young” sandy soils near the lagoon beaches.
The distribution of the predominant radionuclides in the
profiles of four soils is given in Table 4. The differences
in the radionuclide levels can be understood in terms of
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Table 3. Dry weigh[ and nitrogen content of the vege[atinn litter above the miner~l soil.’”

Various 7fJ{{rllt:/i~r/i</ II I ,074 10.740” 6.7 (>7
[slitnds (;i(<,tl(ir(l((

.s((/[,)$()/[/
W:ish :irea T(>{[r!!<:/(~r/i(i 19 I ,340 13,400” 7.3 73

Kahcllc I\.
Soil Pi( (~ Pi\{~ll/</ 20 1,610 10,1(K) 20.7 207

Kahclle 1s.
R[)ngel;lp 1s. Pi\{~//i~/ 20 ] ,,)()() 19,()()() 45.3 453

“ Du(:I t’mm 1959–I 963 collccti(~ns (Gcssel ~uld Wtllker 1992)

m .
8 13

41

m

25

66

BH

m

94

*

BH

m

130

m 25

BH

BH
78

94

I07

BH 122

130

142
BH

Fig. 1. Cnmp:u-ison (It’the micrt)m(molith profiles of the principtil soil series. Left to right: R(mgel:ip grtivell} s:md;
Gog:m Grti\elly Sundy Loam; Lomuilfil S:md; Be:lch Rid~e S:Ind; K:tbclle Sand, BH me”ans buri~d h~)r~z.un

the soil characteristics, and in relation to the at least the original deposition on the surface, the relatively high
fourfold greater fallout from the Bravo shot, which W~S exchange capacities in the top layer of the soils, and the
received in the more northerly islands (Hines 1962). In slowness of migration downward over time. An excep-
general. the radionuc]ides decline with depth, reelecting tion to this is seen with the Beach Ridge sand on



He;dth Physics July 1997, Vt)lun]c 73, Nutnbcr I

Tnhle 4. Pred<)nlinant r:ldi(lnuclidcs in sevcr~l snil profiles ( 1974 collections’’)” (Bq g ‘. dry).

Siunplc
dcp(h (cnl) “’’C(1 ‘“Sh ‘“c, ‘“EU 24‘Anl 2““24”PU “’)Sr

ROIIgeliIp l\l:Ind(nc;lrl:ig{~tlnhcitch, soil pi( #3, Bc:ich Ridge Sund i(~il \eric\)
()–2,5 ().()13 t .()()6 n,” I .5(1t .033 ().()18 f .01 ().()41 t .01I
2.5–5.() ().()44 t .()()4 (),()26 * .012 I .22 t ,022 (),()15 t .013 ().2() t ,015
5.()- 1() (),()()3 t .()()6 ().()81 t .01 I .85 t .()?() (). I4 t ,()()9 (1.23 t .01
10-15 [),03 t ,()()3 ().()67 t ,(M)7 ().7() :.,10 ().()34 t .()()() (),()s~)t .()()4
I5-?5 ().()1 t .()()2 [).036 * .()()(> ().23 :: .()()7 (),()()8 t ,()()4 ().()2() t .()()4
25–35 ().()()2* .()()1 ().()()5(1f .()()4 ().()24 t .()()2 nh (),()()8() t .()()4
35–50 ().()()4 t .()()2 () ()()7()+ .[)04 ().(111 : .()()2 IIS n\
K:lhelle lsl;ind (Nc~ir ci~tcrn. pil #(), open :Ind 11;][ l~i:(~on bcuch :u-c:l,Kiihelle Stuld soil series)

().33 t .007 ns 18. ! + ,05(, ().48 t .()19 ().()7 t ,019
()-2,5 ().()7X t .()()4 ().()3() f ,016 (1.5(1t .020” (),34 t .015 ().41 t .019
?.5–5.() ().()13 t .()()3 ns ().17 t .()()7 [).()()77 t .()()4 ().()1? f .()()4
5.()-1() ().()()X1f ,()()2 ().[)()48 t .()()4 ().()()7* ,()()4 ().()()63 t .()()3 ().()()3* .()()3
10-15 ().()()48f .()()1 ().()()()6 t .()()3 ().3() f ,()()4 11~ n\
15–25 (),()()26t .()()1 ().1)()14t .()()3 (),()15 t .()()+ n\ (),()()5 t .()()4
?5–50 ().()()I9 t .()()I 5 (),()()93 t ,()()3 ().()()7 t .()()4 ns ns
K:lhellc Island (S(~il pil #7, [(~ward center of island I’runl clstcrn, Gc)gan Gr;lvelly S~uldy L[>iin])
()–2,5 (),1I f ,()()7 ().()7[) t .01 I 1,15t ,ol~) ().56 i .022 (),7() t ,022
2.5–5.() ().()24 t ,()()3 ().()24 t .()()x I .07 t ,015 ().()63 t .()()7 (),()85 t .()()7
5.()-1() (1.016 t .()()2 ().()21 t .()()7 (),X5 t ,01 I ().()29 t .()()7 (),()48 * .()()7
I(P15 ().()()6 t .()()? ().()13 f ,()()8 ().56 t .OI I ns ().()1I t .()()()
I5–25 ().()()-t t .()()1 () 006 t .(M)5 ().2 1 3 .()()7 (),()14 t .()()5 ().()11 t ,()()5
25–35 n~ 11\ (),()19 t .()()4 rrs 11s
3540 ().()(123 .()()15 In\ ().()1I X .()()4 ns 11s
Lornuil:ll I\l:ind (St)il pi( #5, [.(~nluilul Sturd soil \crie\)
()–2,5 (),4X t .()1 ().25 t .()I9 1(),(1t ,052 I .41 t .026 2.1 I 3 .033
2.5-5.() ().17 t .()()7 ().13 t ,Olx I 1.() t .05(1 (),41 t .015 ().67 t .()15
5.()–1() ().()37 f ,()()3 ().()36 t .(K)9 3.?? t .020” ().()56 t .009 (),l()f .()11
10-[5 ().()15 t .(ti)2 (),()2() f ,()()7 1.l~)t.o15 ().023 f .(X)7 ().()41 f .()()x
15-25 ().()()X5t .()()? (),()13 t .005 ().4I t .()()7 (),()[)9 f .()()6 ().()14 t ,()()6
?5–40 ().()()-1t .()()1 n\ ().13t .()()5 ().()()4 t ,()()4 n\
40-65 ().()()I5 f .()()()7 rrs ().()27 t .()()2 (),()()44 t ,()()2 ().()()7 f ,()()3

(),()12 t .()()2
().()8I t .()?6

().23 f oi~
11,,” --
n:l
n;1

n :1

(),4 I f ,056
().11)t .019

().()()63 t .()()IY
na
nil
n;(
na

().19 t ,022
().I 2 t ,()()7

n:1
nm
na
nil
no

2.4X + 37—.. -

1.37 t.17
().()7X t ,01 I

n:]
rru
nu
11;1

().?9 f ,02(1
(),5() t .05[)
().()7 t .()()9

nu
1>:1
n:1
n:1

11.1 32.1
X,26 * .74
().7() t ,067

1):1
na
In;l
n:1

2.56 ? .24
1.15 t.13

n>1
11;1
11:1
nil
n:(

16.02 1.41
I().(>t ,03
3.80 ? .37
1.’)3*. I6
(),74 * .089
().33 f ,041

(),()56 t .01I

<Alg;il crust 011”top ot tilc \[~il

Rongeltip lsl~nd. In this soil, exchange capacity is low in
the surface 5 cm, so there was apparently migration
downward, especitilly to the 5–1 () cm layer, which has
somewhat higher exchange capacity. Both the KabeIle
Island sand and the Lotnuilal Island sand, from the
northern part of the atoll, htive expected higher radionu-
clide concentrations than those of the Rongelap Island
Sand. In comparing the two soi Is from Kabelle Island, the
sand from the lagoon beach area shows higher concen-
trations, especially of 1;7Cs and ‘)’)Sr, than the gravelly
sandy loam from the interior of the island. This is
particularly evident in the prominent algal crust at the
beach location. However the ~rtivelly sandy loam shows

13$Cs in lower soil layers,higher concentrations of
presumably because of the greater exchange capacities at
these depths.

Held et al. ( 1965b) compared the gamma-ray spectra
of depth increments from “young” soils such as the
Kabelle Sand with those from “older” soils such as the
Gogan gravelly sandy loam. They found that ‘‘J7CS and
1z5Sb moved most readily in the older soils, while the
principal gamma-emittin ~~, radionuclide moving in
younger soils was 1‘5Sb. Sr moved in both older and

newer soils, and a vertical gradient was seen even in the
surface 2 cm, but quantitative differences were obscured
by the highly variable surF~cc distribution of the r~dio-
nuclides.

PLANTS

Mineral nutrition of plants

.Soil pot experiments. Using atoll soils, plants were
grown in pots both in a greenhouse in Seattle and under
a wind/rain shelter on Enewetak Atoll, using several
different soils, but in all cases ones which we would
classify in the Gogan series. The principal objective of
these trials was to test the effect of mineral fertilization
on the uptake of 137CS into the plant shoots. For example,
in an experiment using squash, fertilization with nitro Jcn
and phosphorus increased yield and decreased the I.?+cs

in the shoots, but application of potassium was more
effective in the reduction of ‘37CS uptake (Table 5). The
depression of ’37Cs uptake was great enough that dilution
by increased yield could not be responsible. To test this
effect in the field, in August 1958. two plots of ().()()5
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Table 5. Depression ut’ ‘‘7Cs uptake in squ:]sh by fcrtili~;itiun with with respect to the individual elements follows (see
po[assiunl in a greenhouse test with R{)ngelap Gr:lvelly Sund.” relations with r~dionuclide uptake in the next section:

Ave. dry
Fcrliliziltiont” yield (g)

Ave. K in \h[}c)ts
(’ldr> wtight)

1.16
().()<)
I .42
1.X()
1.05

Ave. ‘17CS in \hcl{)l\’
(13q dry g 1,

6.83 +().57
2.83 t ().1X
?.17 t ().?3
2.50 t (),23
2.()() t ().27

hectare were established in a stand of the grass Lepfltrl/$
rel)et?s in a coconut grove on Rongelap Island, one as a
control and one fertilized with KC] at the rate of 170 kg
ha -- 1. Grdss collected on the plots in March 1959 gave
the follolwjng analyses: Control = ().395Yc K, 1.08 By
~,;’ dry Cs; Fertilized = ().645% K, 0.333B$g -‘ dry

Cs, ogaln showing markedly less uptake ot Cs with
added potassium.

Mineral composition of foliage of woody plants.
Many samples of foliage were collected on the different
expeditions to Rongelap, especially of SC~:t’~’fj/(J,T()//r-
trt’for[i[t, Gllc’tt{tr~l[[, and c{)<’<jillltI)(tlttt.These samples
were dried, carried to Seattle, then analyzed for the
contents of various mineral elements. Table 6 gives
representative data for mineral analyses of samples of
leaves of these species. A general evaluation of these,

Table 6. Anulyses of the ({)liugc {)t’pi{)nccr shrubs :Ind ct)conut.’”

‘[ (){’Dry weight

●

●

●

●

●

Ccl/cil{m: The contents in the dicotyledenous spe-
cies (as compared with coconut palm, a monocot)
were high, as might be expected on the calcium
carbonate substrate, and in most cases higher in
lower than in upper leaves, characteristic of an
element immobile in the phloern. In palm the
contents were lower, to be expected in a mono-
cotyledenous plant.
M~lgtl[’sillnl: The contents of this element are
appreciable, and in most cases higher in Iowcr
than in upper foliage, indicating a more lhan
adequate supply for the plants. Palm sometimes
showed more magnesium than calcium in the
leaves.
Pot[l.s<sil(t?l: For all species the upper leaves
showed fairly good levels of this element, but the
lower leaves were almost always lower and some-
times very low, indicating a limiting supply.
Sf)tliut?z: The sodium contents of the dicotylenous
species were high, as might be expected near the
sea, but also because these species have a halo-
phytic tendency (Walker and Gessel 1991). On
the other hand, palm foliage was much lower in
this element,
Nirrf~<qt’/l:Contents of nitrogen were often low,
especially in plants growing on the beaches, and
often less in lower than in upper leaves, indicating
a short supply of this mobile element.

Parts per

nlillion
!,, -

Isl:ltld/l~~c:iti(lll Ti ssuc Cll

7<){trJl<,/(]rtic{ (IrLV[,IIl(,[t

Rt)ngel:ip-Pit 25 U Lb ?.14
ls.h 3 ,4X

Kahellc-Pit 6 UL 3 .~)t>
LL (),78

K;ibclle-cis(ern UL 3.28
LL 5.?5

.s((/(>1,()/[1 $(>1-il’<,(i
R(~ngclitp-Pit 25 u L 1.41

LL ~,~7

K;lbelle-ci\ tern ~1[. 2,(>1)
LL ~,1)[)

<;i([,ir<ir(lcl,s[>c,c.i(>.>cl

Ktlhellc-cislcrn lIL 1.37
l.L ~,~1

C(,,f~\ /lIl[!/i,r~/ (c(~cf~nutp:ilnl fronds)
KtIhellc-Tree #3c)’ ~1[J ().32
(1.~go{)n he;lch) 1.L I ,()~)
K;lbcllc-Tree #? 1‘1 LIL ().2()

1.1, ().44

Mg K N:i N P ~c Mn (Bq g ‘, dry)

().62 I .30
().8() ().?6
(),52 2.13
(),64 ().6()
().63 ],~q

().77 (),35

().(14 1.33
l,~q (),48
().62 I .90
[),75 1.25

().34 1,~1

().43 I.04

(),5() I .4~)
().73 ().49
(),28 I .60
()..?7 ().5()

?.74 1.84
4.73 ().88
1.91) 2.50
3,45 1.13
5.()()
4.30 —

I.34 —
I.34 —
1.37 2.01
1.X9 I .45

().53 I .47
(),7? ().5()

().75 I .47
().7() 1.25
().57 ().X5
().47 ().85

().23 2,77 f ,[)83
(),21 1.73 t .083
().23 4.96 t .055
(),17 3.29 t .152
().2 I 48 23
(). I6 43 16

().2() I .27 t .069
().26 I .73 t .083
().29 48 37
().3? 33 28

().19 30 5.x
(),18 21 33

().18 35 ~),x
(),16 lx 4,X
().11 II ]c)

().1I 8. I <).1
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Ph{),~ph~)rt/.~:These values vary widely, probably
reflecting the amount of soil organic matter as
well as the spotty nature of additions of bird
droppings, which are high in this element, to the
soils.
[r[~tl cItId A4~JrIg[liIese: As might be expected on
calcium carbonate dominated ~soils with pHs of 7
to 8, the uptake into plants was low to very low.
This correlated with the widespread chlorosis in
young coconut trees, although chlorosis was ab-
sent in older coconut trees and in the native shrubs
and trees. Perhaps this can be attributed to more
extensive rooting with age in coconut, and the
very extensive fibrous root systems of the native
woody species.

Radionuclides in the foliage of woody plants.
Plants will absorb to some extent all mineral elements
that are present in the soil solution, including of course
the radionuclides found in the Rongelap soils. Indeed
traces of all of those listed for the soils in Table 4 were
detectable in man? plant samples. However, among these
only 137CS and ‘)(Sr were consistently present in appre-
ciable concentr~tions, which is not surprising because
these elements are absorbed by plant roots in a manner
comparable to that for potassium and calcium, which are
chemically similar elements required in plant metabo-
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lism. Also ‘°K was a predominant isotope in plant
samples collected on Rongelap, even though it is mostly
a naturally occurring isotope and was not a predominant
radionuclide in the soils. This can be explained by the
ability of plants to absorb potassium from very low
external levels and concentrate it in their tissues. Conse-
auentlv. ‘°K is included along with 137CS and ‘)OSr in
table ‘7, which lists their con~entrations in samples of
foliage of sever~l woody species collected from a number
of islands in the atoll.

Although there are some exceptions, in general the
radionuclide concent~ations are higher in samples col-
lected on the more northerly islands (Kabelle, Lukuen,
Naen) than those collected on the more southerly islands
(Rongelap, Eniaetok). This is consistent with the higher
levels in the soils in the northerly islands as seen in Table
4. For the P(/ndc~tflt.~samples from Rongela~ Island. there
seems to have been a greater decrease in 13 Cs activity in
the leaves than can be attributed to isotopic decay (till
values in the table are adjusted to 1975). This may
indicate that the soils are declining in 1-~7Cslevels over
time through leaching to the ground water.

Water relation of plants

General aspects. The annual precipitation at
Rongelap Atoll is about 125 cm, with a pronounced dry

Table 7. Predominant rudionuclides in leaves of’ pltints collected on Rongelap Atoll.’”

R~~dionuclideconcentration ( Bq g 1, dry)

island/L[)c:tti(m Yeur collected N(). ot” somplcs
4()

K ‘ ‘7CS “(’sl-

P<ltld(ttll{ \ ,\/J.

Rongelap 1s. 1958
Ronge]ap 1s. I959
Rmrgelap Is. ]gfjl

Rongelap 1s. 1963
Rungelap [s. 1971
Rongelap [s, 1974
Rtmgelap 1s. #3 1976
Kabelle 1s. 1958
Kabelle 1s, 1961
Kabelle Is. 1963
Lumuilal/Lukuen 1s, I974
Naen Is. #1 1976

Enitictok 1s. #2 1976

S(Cll,l,(~/CJ\t,ric[,~!
Rongeliip [s. Pit #3 1974
Lukucn Is. Sile 5 1974
A~/r/]~t,r .s/).(breadfru i~ Ic:tves )
Rongelap [s. Pit #3 I974
Enitictok [s. \illtigc 1976

.C~gS tllififirci (c[~c(mut Irtmds-cenlml lest’lel\)
Rongelap 1s. Pit #3 1974

R(mgclap [s. Site #5 197~

Eniae(ok [s. I976

Lukuen I\. I974
Lomuil~l [s. I974

Naen Is. Site #1 I976

9

19
16
13

3

1
I
4
1
I
~

1
1

I
1

I
1

1
I
1

I
I

I

rra
().27 t 05?..-

nil
(),XI f .081
().27 f ,059

().23 t ,085
().56 t .10

().2X t .070”
().48 t .067

n s
(). I9 f .044
().()9 t .059

ns
().()59 t ,026
().2 1 t ,044

2.93
~,~j

?.74
1.96
().52
(),48
2.17 t .022
y,~~

4,19
6,()()
I ,59
4,53 * .033
1,27 t .018

(),7X t .026
().52 t ,01 I

I ,()() t .()I5
().5 I f ,015

(). I6 t .()()7
2.2 ] ~ ,025

(),21 t .014
().31 t .015
().67 t .()()4
1.52 f ,018

().63
na
IIU

().44
na

(),4 1
(),54 t .029
1,19

na
I ,48
1.46

na
nl

na
().96 t ,1 I

n~
nl

().()78 t .()11
nti
rra

()..?6 t .030”
().37 t .019
(),34 t .029

“ D:itti for 1958-197 I collection\ are from University of Woshingtnn, Labt)mtory of R:lditition Ecology (unpublished), Dtita for 1974
and 1976 :tre ti’cml Nelson ( 1977, 1979). All c(mnts odju\ted for decay to 1Y7S.
“ ml = not ml~dyzed. n\ = nut significant, i.e.. the net stirnple count w:is less thzm the two-sigmu. propagfited counting errors ft)r u single
\anlplc. The errt)r vulues for all r:ldionuclidc\ ktre twc)-sigm~i, prop;ig~~tcd, counting error\ for ;i single sample.



season from January to May. The mean annual temper-
ature is 27”C. with afternoon highs reaching to over
30°C. This regime causes high evapcttranspirtition, espe-
cially during the dry season.

Thus with the very coarse coral sand as the rooting
substrate, water stress is a major influence on the survival
and growth of plants. This is attested to by the relatively
sparse vegetation on this atoll in comparison with the
lusher plant growth in the more southerly atolls such as
Majuro. Salinity adds to this water stress through osmotic
effects. Such effects are always present, but become
extreme during storms, with the blowing of salty spray
over the plants or even inundation of the root systems in
lower lying areas. Thus all plants growing on the atoll
have some tolerance of salinity, and those inhabiting the
beach and sand spit areas must be very salt resistant.

From the above, it will not be surprising that plants
such as the native S(CIL’I’01(1and Pi,sotli(i often show some
temporary wilting in the afternoons during the dry
season. Perhaps a rise in leaf temperature. which would
increase transpiration as well as reduced water uptake,
may explain this wilting, which commonly disappears
overnight.

Ground water and the fresh water lens. An
important feature of atoll islands. especially the larger
ones, is the presence ot’ a lens of fresh or brackish water
in the coral sand matrix, beginning a meter or so below
the surface and extending downward as much as several
meters. We stimpled these ground waters from several
islands of the atoll, by driving galvanized steel pipes
down into the lens of water. which was commonly
reached at depths of 1.5 to 4 m. then drawing Up samples

with plastic tubing. Some samples were almost as saline
as sea water [electrical conductivity (EC) = 50 mMhos
cm -‘], but those from the interior of islands were
typically brackish [such as EC = 28 at Pit #4 near the
center of Kabelle Island), but just slightly salty (EC =
2.6) in the well in the interior of the larger Rortgelap
Island]. The ionic proportions were similar to those in sea
water. Also, some data on soil solutions were gathered;
they were not very saline, having electrical conductivities
of about 1.5 to 2.0 nlMhos cm (Walker and Gessel
1991).

Osmotic relations of species growing along
beaches. Walker tind Gessel ( 1991) also reported on
osmotic potentials (Wn) and sodium contents of leaf
samples collected on Rongelap, and grew several woody
atoll species in the greenhouse using culture solutions
with varying levels of added salt. The Wm of the
field-collected leaves ranged from – 1.9 to –3. I M
Pascals, compared with that of sea water at –2.7 M Pa;
sodiuln contents were high in the tissues, usually I to 3Yc
of the dry weight. in culture solutions, seedlings of four
shrubby species (Cor~ii(l .vl{l?(”{)r(l(tt[i,GII(Itt(Ir(/[1 SI>t)-
cio,s~!, Sc”{l(I\*{)l~~ist’ric”t’[t,and T{)Ltrttcffi)rti~i [!r,s~’tltt’[i) and
an atoll variety of squash (C[/(~/rbit[/ I}~J/~()) al 1 grew well
at a salinity of about 1/1() that of sea water, but were

depressed to about 50YC yield at salinity of about 1/6 that
of sea water. The woody species declined to about
I()–2()% yield at salinity of about 1/2 that of sea water,
and survived but grew very little in solutions with
salinity equal to sea water. We were unable to obtain
viable seed of Pc’/)z/?/?i,~t[cicl[[lc~,a tree often observed to
grow directly in sea water on Rongelap, for greenhouse
trials. However one sample of field-collected foliage of
that species had an osmotic potential of 3. I M Pa, which
would have permitted absorption from sea water.

The studies just described show that seedlings of the
species which occur on or near the atoll beaches, can
endure exposures of the roots to osmotic concentrations
equal to that of sea water, but do not grow much at such
high salinity. Nonetheless, these species often grow well
in nature close to both the lagoon and seaward shores.
Ground waters in such locations are usually considerably
less saline than sea water. and the plants have root
systems which penetrate to considerable depths. These
species can tolerate the salinity of most of the ground
waters and probably absorb much water from them,
especially during the dry season.

GENERAL ATOLL ECOLOGY

Introduction
Some time ago Fosberg ( 1953) summarized the

general nature of Pacific atoll vegetation, and more
recently wrote a description of the vegetation of Bikini
Atoll, which has relevance also to Rongelap Atoll (Fos-
berg 1988). The following sections are based on obser-
vations made on Rongelap Atoll, especially during the
period 1958 –1 964, by Ralph Palumbo, Mark Behan,
James Kimmel, and the authors. In 1986, we had the
opportunity to visit Rongelap again for several days, and
made comparisons with the notes from the earlier years
(Gessel and Walker 1987, 1992). These and previous
observations were generally in good agreement with
those of Fosberg just cited.

Non-vascular plants
Reef building algae are important, along with corals,

in the gee-biotic structure of the atoll. Nitrogen fixation
by algae in the crusts on top of young soils are very
beneficial in the establishment of pioneer plants (Ldsk6
1968). Phytoplankton are not very abundant in the
lagoon, being about 0.00825 g dry m- 3 (Mathisen 1964),
but nonetheless support some fish.

Vascular plant communities
Kimmel ( 1960) described seven plant communities

occurring on the northern half of Rongelap Island. These
were also characteristic of all of the larger islands of the
atoll in the 1950’s. During the 1960’s, coconut planting
decreased the areas of these plant communities some-
what, but all could still be recognized in 1986. Since the
atoll has been mainly uninhabited since that time, there
has probably been substantial regrowth of native woody



species. The seven plant communities are briefly de-
scribed bel{~w.

Scaevola-Guettarda community. This is the most
prevalent community along the beaches, where typically
it is wedge-shaped, with the shrubs taller with increasing
distance from the shoreline. “Fingers” of sand may
penetrate the shrubby vegetation. with the grass l.(’p~tlr~~,v
rf’pe}l.~ frequently present there.

S[triana Society. Pure stands (it’ .$/tri[/tl(/ /llf/riti/)t(/
form small communities along the seaward shc~res of
some islets. .$l~riflr?~l also occurs c~ccasionaliy in the
interior of islands, in places where there is evidence (}f
(Jvcrwashing with sea water.

Pisonia-Tournefortia Community. Pi.sotli(t ,yratldi.s
is a very large tree by atoll standards. rising to a height (}f
as much as 20 m and forming a dense closed can(>py in
the wet season. During the dry scas(~n the canopy thins
by shedding of many leaves. Although nc]t as tall and
often recumbent, scattered old specimens of “Tor(r)?c</i)rti(/
fIrAJ~’/If~z{/arc usually present als(~. The trailing vine
Bo{’r}?fl(l)i(r is c(>mm(ln as a gr(~und cover.

Ochrosia (Neiosperrna oppositifolia) Community.
In 1959, there were several small but dense communities

of this large leafed species on Rongeliip island, with the

trees 6 to 9 m tall. By 1986, these had all succumbed t{}
clearing for coconut planting.

Cordia Community. Cor(ii([ s[IIYcf)rLltIt(Ic(~mmuni-
ties occur in boulder areas and are best devc]oped [~n
Rongelap Atoll {~nthe seaward sides of MCIILI Island and
Aniclap Islet. Here the Iarge-trunked trees form a tangled
vegetation among boulders.

Coconut Plantation Community. The coc(]nut
trees are usually spaced 3 to 6 m apart, with a ground
cover of the grass l.~’ptl(ri(,y and s(~mctimes (~thcr herba-
ce(~lts plants. In a well kept plantation there are no shrubs
present.

Coconut Grove Community. This consists {)f three
layers: first, a canopy of coconut fr{~nds 1()-l 3 m high;
next, a layer .5 to 4 m high, consisting (>f cnc(lnut
seedlings, ii fcw P~ItIdaI?II,sseedlings, T[[c(~I (arrowroot),
and occasional other shrubs; the third layer is a ground
c(~vcr (}f grtisses, the sedge Fitt?/~rssti/i.~, and scattered
individuals of other small plants.

Mixed Forest Community. This is comp(~sed of a
variety of trees. none of which is dominant. The 7 to 9 m
tall canopy usually consists of Pi,~or?i~/, coconut. and
Tt’rt?litr(lli(i or Cordia, with Moritld({, Gilt’tt{ir[l(l, To[tr-
/r{:for(i[/, and Sc~/[’Io/fI forming somewhat lower layers.

Pemphis Community. Finally. there is a P[’/t~p/~i.~
community, which was not described by Kimmcl ( 1960)
because it does not occur on the northern part of

R(mgclap Island where he w[~rkcd. This c(~mmunity is
best developed on the leeward, lag(~(~n shore (>t’Menu
Island, where P~’mp/?i.s (/(id///~/ grows to a height of 4 to
6 m anl(~ng the b(~ulders and beach rock high in the
intertidal z(>ne. B(]th at Mcllu and elsewhere. P{’~?~/)))i,~
trees can he seen standing in sea water at high tide.

Distribution of seeds
A conspicuous feature c~f the sh(~rcs is the presence

{Jf seedlings of the pi(~nccr species .$(~/<JII{J/[/.s(’ri~~’~1and
Tc~//rt?(<fi)rti(/~~r,q[~)jr~~(l.The Ileshy fru its of S(cl{J){~/~/are
eaten by birds, especially curlews, and the hard sccci-
containing st(~nes arc deposited along the beaches after
passing thr(]ugh the guts of the birds. Toi{rt?~:fi)rfi[[ seeds
floatin sea water and arc not <}nly unharmed by (his

soaking, but their germination is stimulated by the

cxp(~surc to sea water (Ldsk6 and Wa]kcr 1969). From
the c(~nsidcrahlc amounts of seeds deposited (m sh(~rcs.
an (>ccasi(~nal seedling establishes (L6sk6 1968).

Development of Vegetation on Islets and Islands
Itisinteresting to speculate on the development of

pliint life on islets newly f(~rmcd Ir(lm st(lrnl acti(ln. or on
parts of larger islands which htive been modified by
typh(~rms. Evidcncc fc~r the repeated development ~]f
l,cgetati(~n and its (}blitcrati(~n is seen in the buried
(~rganic h(}rizons depicted in Fig. 1.

A substantial part of our w(>rk on Rongelap At(~ll
was ccntcred on KabeIlc Island, which has an area of
about 25 hectares. has been little disturbed by humans
since it is rcm(~tc in the atoll and is visited infrequently.
and has only a fcw c(~c(~nuts trees. We made o rough map
of the vegctati(ln on this island in 1958 (Fig. 2), and
found that it had changed very little by 1986. Fr(~m this
distribution of plants and fr(~m observations of pioneer
T()~/r)/(<fi)rri(/ and (~thcr shrilbs establishing along the

beaches on various islands. we can pr(~p(~sc a scenario for
col(~nizati(~n of Kahclle Island. A feature of special
interest is the presence of very large and (~bvi(}usly (JILI
Toi{rtlt<fi)rti(l trees in the center of this island. The hard
s(>lid trunks of these trees, which are i>ftcn partially (Jr
completely recumbent, have diameters up to almost I m.
Perhaps T~)//r/~~:fi)rti((seedlings established on the island
when it was small, newly f(~rmcd after ii major st(~rm, and
persisted as the island accreted and enlarged. Eventually
hi rds carrying the sticky seeds of Pi,sot?i(/ could have Icd
to the estahlishmcnt and flourishing {~fthis spccics in the
central part of the enlarged island, but with the I(>ng-lived
(~ld T()/fr}~[:f()rti(/ still present. Such a scheme seems tn fit
with the presence of these old \low growing trees in the
Pi.so/~i(/ gr(>vcs (~t Kahclle island, and perhaps such a
development might have taken place on (~thcr islands as
well.

The most fertile soils (Jt the atoll (Gc}gan Series) are
found in the Pi.~()/?i(/ ~tands. litter (lcp(~siti(~n is heavy.
and a thick humus layer is often present. Fertility ]s
enhanced by birds. since these stands are favorite nesting
areas for both fairy and n(~ddy terns. The Iiitc Fri~nk
Richilrds(~n estimated that s(~mc 1,400 terns, frequenting
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:ind nesting in :~Pi.\(~~li(/community of about ().25 hectare
on K:lbelle Isltlnd, consumed :~b(~ut 48 tons {>f fish per
ye:ir, thus bringing Itirge ;imounts of nitrt~gen, ph(~sph(~-
rus, ~md olher mineral nutrients fr(~m the se:t to the island.
On the I:lrger isltlnds the Pr’.${~/~i(I:ireas with their rel:i-
tivcly fertile G(>g:m Series soils h:ive been l:irgely c(~ll-
verted to c(~c(~nut plant:lti(>ns.

Rate of plant growth
In :1 tropical environment the di:imcter growth is

difficult to f(~llc~w bec:iuse there iire not WCI1 defined
atlrtllil] growth rings. We m:~rked [I I:lrge number (}i’
specimens :Ind me:lsurcd their di:imcters :lnd heights
e:~ch time we visited over :1 period of sevefid years
(Gessel :~nd W:llker 1992). In good situiltions. 7{Jl/rllt’-
frjrtin.s incre:lsed in di[lmetcr :lb(~ut I cm per yc:ir. :ind the
medium sized shrubs grew tlbout 17 cm in height per
ye:tr. Pi.~(~~~if/.s:tver:iged :Ib(}ut (),4 cm c~f di:tmeter in-
cre:lse per ye:tr in gener:d. hut on a good site in the center
c~f K:\belle Isl:~nd they increased 1.3 cm pcr ye;ir.
Mediuln-sized .S(fi{JII{j/[/,Y~iver:~gcd ilbollt 21 cm (>f height

gr(>wth per ye:~r. Although fr:igment:try. these d:~t:l give
s(~me idea of the gr(>wth (>f these pl:lnts in :\n envir(}n-
ment f,~vor:lble in temperature but stressful with respect
to mineral nutrient :md w:lter rel:lti(~nships.

Plants as food for humans
The princip:d pli~nts ci~ten :Ire coconut,” brc:idfruit,

p:md;mus, :md :irrow-ro(>t (T~/[{~/), which :Ire i{v:iil:lhle in
rel:ttive abund:mce. T(~gethcr with fish :md shellfish,
these m:ldc up the bulk of the tr:lditioniil diet. C(}c(~nut
Crilb W:lSconsidered [i delic:lcy, :ilthough it is n(}w r:lrc on
the inh:~bitcd isltlnds. Also very limited iimo(lnts of

squ:lsh, h:in~in:i. and p:~p:ty:i were grown. Ch:lkr~iviirti iind
Held ( 196 I ) assessed the amount :lnd c(~mposition of
typic:ll dilily rati(}ns of R(~ngelilpcsc individuills in 1959.
Although there wiis :i str(~ng compf~nent (}f the native
pl:lnt foods and fish, imp(>rted flour :md rice iis well iis
c:~nned me:lt were :ilso m:ij(}r c(}mp(~nents. As might be
expected, they reported nl~iisllrilblc :unounts of rildi(>zlC-

tivity in the f(>ods. with higher levels of 1~7Cs :mci ‘)OSr in
diets which included coconut :~nd I(}c:II fruits. Tiible 8
gives the levels of the pred(~nlin:int radionuclides in
s:tmples of (oodstuffs c{)llcctcd on Rongeliip in 1974-

1975 (Nelson 1977, 1979). The inclusion of ‘°K reflects
:Ig:lin the il\rid :~bs(~rpti(~n (>f pot:lssium by plants fr(}nl
low concentr:~tions in the environment. A much m(~re
det:iiled study of the Rongcl:lp Atoll foods” :md their
radi(~nuclide levels has been published recently by the
I.:iwrellce-l. ivcrnl(>re

Vertebrate animals
Se:~ birds :Ire ii

1.:lb(}rilt~ry (R(~bison ct :1(. I$94).

ANIMAI.S

verv imD(~rt:int c(~m~(}ncnt (}f the
:it(~ll ecosystem. and thcr~ :ire :IIS(J some shore :lnd Iiind
birds.’]: Cert:tinly the se:l birds, present in Iargc numbers,
m:tkc ii vit:il link in the m(>vement (~t’miner:ds fr(>m the
sea to the Iiind.

The smidl field r:it (R~I/[11.Y{J.r/11[/II,Y)is the only
endemic m:mlm:d (}n the [itoll, illth(~llgh the R(>ngclapese
kept s(~me pigs for food. Reptiles ~]re represented by
skinks. geckos. :ind :i blind sn:lkc, :Ind occ:tsi~niilly the
gi:int se:~ turtle fC)lc’/(~/~i~/)is enc(>untered.

Fish :Ire nf course the most v:lried :md nutnerous of

the vertebrates iissoci:~tcd with the ilt(~ll. there being over
700” species in the l:lg(~on :Ind neilrby wilters. Welimder
( 1958) c{~llccted m:~ny of these species and determined
their L]pti]kes of riidi(>nuclides. S(~me dilta on the ~idio-
nuclidcs in fish :lrc included in Tilblc 8.

Invertebrate animals
Insects itrc few, b(}th in number of species iind

individu~lls. except for the numerous house tlics. 1.:ind
c~tbs :Ire common. the most ipect:~cul:lr of these being
the c(}c(>nut or robber Criib, Bir<qII.SI(lfro, which gr(}ws to
I:lrge si~e :lnd w:is ;I favorite f(}od of the Rongel~ip pet}plc
(Ch~ikr:lv:lrti ~md Held 1960; Held 1960) (see T:lble 8 !(}r
r:ldi{)n(lclidc levels in the c(~llcctions of this species fr(~m
19S7- 1976). In Corltrilst with the low number of terres-
triiil l’(~rms, there is :] rich v:iriety of invertebr:lte species
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Table 8. Predmninant radi{)nuclides in ~ome human fo(IcistlItt’s collected at Rongelap Atoll.”’”

Mc:ln r:lcilcmucli[le ccmccntmli(ms (FJq g ‘, dry )
Ye:ir N(). (~t’

I\larrd/l(Jc:l(inn cnlleclcd \:llnplc\ 4()K ‘‘7c\

Ct]cnrrut nle:it (fresh:clry riitin = 1,6)
Rmrgelap 1s. Si(e #5 11)7(,

Eni:ietnk 1s. Site #1 I976
Lukuen 1s. Site #fr I974
Lnm~lil~tl 1s. Site #7 I974

N~\en 1s. Site #1 107fj

~~1 tnjll (Iresh:dry mtin = 37,5)
Rnngelap I\. Site #5 1976
Eni:lctnk 1s. Site #1 ]976

Lukucn 1s. Si(e #(i 1074

I.(lmuil:ll Is. Site #7 1974
Naen I\. Site #1 1976

C~n_ut grab muscle (t’re\h:dry mti(, = 4.5)
Rnngelap Is, 1957-58
Kuhelle 1s. 1957-58
Arbtir Is. I<)74

Tuf~t 1s. Ic)7~

Bu\ch 1s, I974
Menu Is, I974
Kabellc Is. I974
K~belle Is. I976
I.nmui]al 1s, 1974
L.ukuen 1s, I974

Ntlen 1s. I97(,

F:i.\~ (cvi$ccr~ltcd wh(lle)’
Rnngelilp I\. (gntitrish) I974
R(lngel~lp I\, (cnnvict surgcun) 11)74

Kabelle I\, (nlu]let) I1)74

Lukuen ]s. (mullet) I975

I
I
I
I
I

I
I
1
I
I

().13 * .052
(),34 t .059
().14 ~ r~l
(). I44 * .056
().22 * .052

().32 t .052
().3() + .083
(),34 t .076
r).~] f .059
().318 + .063
(),32 + .071

n:i
(),34 + .052
() 2X t .062

().44 t .015
(),32 + .044
().?6 3 .056
().37 3.037

(),91 t .014
().47 t ,()I
().48 t .()I I
1.59 t .019
1.27 t .011

I~,g t ,51
I .96 t .22
().()?2 * .()()1
().()56 t .()()2

I?.6 ? .5x

1.21 *.017
(),47 t .016
I.29 t ,020”
1.96 t .015
2.2X t ,031
I,67 t .023

n:3
2.11 * .()?2
5.63 t ,033

().()()1 t .()()()7
ns

().()()9 3 ,()()2
().()()3 t .()()2

““s1

<().()()43
<().()()7
<().()()4

().()()7 t .()()2
(),()()65

<().()8
11:1
(),152 t .056
().133

~:1.lri

4.X5
16.3
().()45 t .()()8
(),()47 3 .()()8
().1() f .012
().126 toll
().179 t .016
().13 f .()I()
().29 i .048
(). [() f .015
().25 + .035

<().()()3
<().()()3

().()()44 f .(M)7
< .()()5

“ D:ita frnm Nel\nn ( 1977, 1979),
b Cnunting procedures tverc the s:ln]e Lisinciic:lted Ior ‘r~ible 7. All CmImS[L[ijusfeci(or ciecLty{() 197S,
‘ Fresh:LJryr:ltinsI[)r fishes (e\ i\cerated whole): gn~i(rish. 3,(A; c[~nvict surgeon, 3.89; mullet, 3.41.

in the lagoon and off shore waters, and in many cases
very large numbers of individuals are present. Corals are
dominant forms which played an essential role in the
formation of the atoll and continue to be vital in the
maintenance of reefs and shores. Among the inverte-
brates, some of the most numerous and often attractive in
appearance are the Tridacnid clams, the wide variety of
sea snails, and the sea cucumbers (H(jl<)thliri[l, .Yti{’ho-
pu.~). Bonham and Held ( 1963) made a detailed popula-
tion study of the very abundant Hol(jthllricls,

GEOLOGIC STUDIES

From the studies of soils and vegetation described
above, some indications of the influences of the sea,
especially during storms, could be envisaged. The pres-
ence of buried soil horizons high in organic matter and
the size and age of pioneer plants on beaches, islets, and
sand spits gave some indications of the unstable nature of
the land areas.

Porter ( 1966) reported on geologic observations
made on Rongelap in 1963. From these observations and
from the literature, he drew a number of tentative
conclusions:

a) Most islands along the windward side of the atoll
show evidence of lagoonward migration within the

recent past. with beachrock pavements extending
outward from the modern beaches;

b) Erosion of windward coasts has been accompanied by
sedimentation on leeward coasts;

c) From world-wide sea level changes, atoll islands may
be no older than about 3,000 y;

d) Beachrock formation and history seem to be related to
water tables rather than to sea water influences; and

e) The present rate of deposition of atoll sediments
appears to be greater than the rise of sea level, which
permits accretion of reef detritus on atoll margins to
form emergent land.

A study of lagoon bottom sediments was made by
Anikouchine ( 1961).

CONCLUSION

This study of the Rongelap Atoll ecosystem was
incomplete, because the scientific expeditions were of
necessity short and infrequent. Nonetheless, valuable
data was accumulated on many aspects of the ecosystem:
the physical environment, soils, plants, vertebrate and
invertebrate animals, and human nutrition. The long
lived isotopes 1~7Cs and ‘)’)Sr were useful as tracers in
studying mineral uptake from the soils into plants and
animals. An earlier evaluation of the distribution of
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isotopes in different components of the atoll was made
by Held (1963), and a recent detailed assessment was
made by the Lawrence- Livermore Laboratory (Robison
et al. 1994).
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ASSESSMENT OF A RADIOACTIVE WASTE DISPOSAL SITE AT

ENEWETAK ATOLL

Victor E. Noshkin and William L. Robison*

Abstract—The 43 nuclear tests conducted at Enewetak Atoll by
the United States between 1948 and 1958 produced close-in
fallout that contaminated the islands and lagoon of the atoll
with radioactive fission and activation products, and unfis-
sioned nuclear fuel. In 1972, the U.S. government announced
that it would conduct a cleanup and restoration operation to
return the atoll to the Enewetak people. The radiological
cleanup began in 1977 and lasted to 1980 and focused on
reducing the concentration of the transuranium elements
~2.!K,2.39,2411puand ‘q’Am = TRU) in soils on some of the islands
that might eventually be used for residence or for subsistence
agricultural. The cleanup plan called for relocating soil and
some other contaminated debris to Runit Island on the eastern
perimeter of the Atoll. Some of the contaminated soil was
mixed with cement and the mixture placed below the water
level in the Cactus Crater that was formed by a nuclear
explosion in 1958. The remainder of the contaminated material
was mixed with concrete and placed above ground over the
crater in the shape of a dome. A concrete cap was constructed
over the dome of soil. Concern has been expressed by the
people of Enewetak and by others over the possible aquatic
impacts from the radionuclides entombed in the crater. A
National Academy of Sciences committee examined the dome
and concluded that tbe containment structure and its contents
present no credible health hazard to the people of Enewetak,
either now or in the future. The committee suggested that “at
least part of the radioactivity contained in the structure is
available for transport to the groundwater and subsequently to
the lagoon and it is important to determine whether this
pathway may be a significant one.” Therefore, a surveillance
program was started in 1980, in conjunction with other
research efforts, to study the radionuclides in samples of fish,
groundwater, and lagoon seawater. Our data and conclusions
support the findings suggested by the National Academy
committee over a decade ago in that any assumption of rapid
remobilization of all or any of the dome’s transuranics or other
radionuclides is an extreme one. Any fear that this structure
contains amounts of activity whose release would cause dam-
age to the environment that will result in greater effect on
human health is unfounded.
Health Phys. 73(1):234-247; 1997

Key words: Marshall Islands; waste management; fallout;
weapons

‘~ Lawrence Livcrnl{jre Ntiti<)ntil L:lhor~t{)ry, P.(). B(JX 808,
L-396, Livernlore, CA 9455 I -9989,

(M(/)//{.s,ri/,t rc,[l,i\(,</ 20 Fc,br[(c[ry 1996; rt,\,i.\6,[/ )Ilc{tt((scril]f
r{,{c,iv{,~f 18 N{J1,c,~lI/2f,r1996, {(({t,/1/L,~/5 F~,brll~lryI997)

()()17-9078/97/$3,()()/()
Copyright O 1997 Health Physics Society

INTRODUCTION

THB 43 nuclear tests conducted at Enewetak Atoll by the
United States between 1948 and 1958 produced close-in
fallout that contaminated the islands and lagoon of the
atoll with different amounts of radioactive fission prod-
ucts, activated products, and unfissioned nuclear fuel,
Quantities of concrete, metal debris, cable, bunkers,
buildings and other miscellaneous materials. some con-
taminated and some not, were also abandoned at the
Atoll after the U.S. testing progrtim finished. In addition
there were U.S. non-nuclear programs between the years
1958 and 1972 that also modified the landscape on some
islands of the Atoll.

Enewetak Atoll is located in the Equatorial Pacific
Ocean at approximately I 102 I ‘N and 162°21 ‘E in the
northwestern portion of the Republic of the Marshall
Islands. The islands of the Atoll are shown in Fig. 1 along
with the location of the major nuclear craters. The
Marshallese name for each island and two large coral
heads are also shown. U.S.-assigned names for the
islands during the testing period are given in parenthesis.

In 1972, the U.S. government announced that it
would conduct a cleanup and restoration operation to
return the atoll to the Enewetak people. Planning for the
cleanup extended from 1972 to 1977. The final project
was conducted as a series of concurrent tasks between
May 1977 and April 1979. It involved several depart-
ments of the federal government with the Defense
Nuclear Agency (DNA) responsible for cleanup activi-
ties. The radiological cleanup concentrated on reducing
the surface soil levels of the transuranium elements
~23x.?3~),240Pu and ‘41Am = TRU) on some of the islands
that might eventually be used for residence or the
growing of subsistence agricultural products. The justi-
fication for basing the cleanup on transuranic criteria can
be found in the description of planning efforts, cleanup
operations, and radiological guidelines in Defense Nu-
clear Agency and Department of Energy documents
(U.S. DNA 1981; U.S. DOE 1982). Other miscellaneous
debris and radioactive material frolm test-day burial sites
were also identified for removal. Only the quantities of
transuranics were measured during field operations, but
soil relocation also involved moving undetermined
amounts of long-lived fission and activation products
associated with the carbonate soil.
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The cleanup plan called for collecting and transport-
ing the soil and other contaminated debris to Runit Island
on the eastern perimeter of the Atoll. The contaminated
soil was mixed with cement and the mixture placed
below the water level (tremie method) in the Cactus
Crater that formed during a 1958 nuclear explosion on
the northern tip of the Run it reef. The 10-m-deep crater
was filled to the low-tide level by this method. Above the
water level. the contaminated soil was blended with
cement using a disc-harrow. Water was applied and the
mixture was compacted. Some solid objects were added
to the above ground slurry. A dome-shaped mound of
contaminated material was thereby formed over the
crater, A central “donut” hole was left in the center of
the dome and eventually filled with soil and debris
removed from other locations on Runit Island. The
mound was finally covered with concrete panels to
form a cap over the contents. The crater was sur-
rounded by a concrete key wall to reduce scouring and
undermining by wave action. A report on the radio-
logical cleanup of Enewetak Atoll (U.S. DNA 1981)
provides a detailed account on the construction and
filling of the dome during cleanup.

The structure is referred to as a waste disposal site
since it covers material conttiminated with quantities of
long-lived rddionuclides. There have been many expres-
sions of concern by the people of Enewettik and by others

over the possible aquatic impacts from the radionuclides
entombed in this disposal site. The people are convinced
that it must be one of the most dangerous places at the
Atoll since the United States spent millions of dollars to
contain radioactive material under the domed struc-
ture. It is imagined that if leakage were to occur, many
mtirine resources would be affected. News segments
recorded on film and shown on television in the 1980’s
helped to establish a fear and concern about this
disposal site.

In 1980, the Defense Nucle~r Agency requested the
National Research Council of the U.S. Ntitional Acad-
emy of Sciences to establish a committee of experts to
evaluate the “effectiveness of the Cactus Cr~ter structure
in preventing harmful amounts of radioactivity from
becoming available for internal or externtil human expo-
sure.” In a report published in 1982 (NAS 1982), the
committee concluded that the Cactus Crater containment
structure and its contents present no credible health
hazard to the people of Enewetak, either now or in the
future. However, there were issues related to the perme-
tibility of the tremie concrete. There were sections in the
tremie that were in free communication with the ocean.
This led the committee to suggest that “tit least part of the
radioactivity contained in the structure is available for
transport to the groundwater and subsequently to the
lagoon and it is important to determine whether this
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pathway may be a significant one.” Therefore we initi-
ated an environmental surveillance program in 1980 to
study the radionuclides in samples from the vicinity of
the dome. This included the collection, processing and
analysis of samples of fish, groundwater, and lagoon
seawater. Samples were taken until 1984 when the
program was terminated.

Subsequent to the cleanup there were data from
comparable samples collected from Runit and other
islands of the Atoll in support of other research activities.
Comparison of the pre- and post-cleanup data indicated
that there was no adverse radiological impact on the
environment from the radionuclides contained in the
Cactus crater structure. All aquatic data generated during
the period appeared in U.S. Department of Energy
progress reports and has not been previously published
outside this report. During the 1990’s, we again collected
samples to assess what, if any, changes in radionuclide
concentrations occurred during the intervening years.
This document examines the present and past concen-
trations of plutonium and other radionuclides at the
Atoll and in the immediate environment of the dis-
posal site. Published and unpublished concentrations
measured in aquatic environmental samples (seawater,
sediment, species of fish, groundwater) collected be-
fore filling the crater are compared with levels in
corresponding samples collected after the crater was
filled. The concentration of plutonium and other ra-
dionuclides measured in the material filling the crater
and found above ground level under the dome is summa-
rized. Implications of all results that relate to the disposal
site on Runit Island are discussed.

METHODS

The majority of results from samples discussed in
this report were generated over the last three decades.
Field and laboratory personnel changed during this pe-
riod, but collection methods, sample processing, and
radiochemical procedures did not significantly change.
Therefore, previously published documents adequately
describe field collections in the Marshall Islands and
the analytical techniques used at Lawrence Livermore
National Laboratory for analysis and data reduction.
Collection and processing sea and ground-water may
be found in Marsh et al. (1975); Noshkin et al. (1976);
Marsh et al. (1978); Noshkin et al. (1981 b); Noshkin et
al. (1974); and Noshkin et al. (1987). Collection,
description, and analysis of parts of different species
of fish are found in Noshkin et al. (1981a) and
Noshkin et al. ( 1988). Sediment collection, processing,
and analysis are given in Nelson and Noshkin ( 1973)
and Noshkin ( 1980). It will not be possible to list the
many results discussed in this report. Only summaries
of available data will be shown in the Tables and
Figures appearing in this document.
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RESULTS AND DISCUSSION

Radiological conditions Runit Island prior to
cleanup

Runit (Yvonne) Island, identified in Fig. 1, is
located on the eastern perimeter of the Atoll. The island
and the adjoining reef were used for several nuclear tests
(4-surface; 5-tower; 1-atmospheric), and 8 more devices
were detonated on barges located off-shore of the island
in the lagoon. It was the most severely radiologically
contaminated island at the atoll. Barges for seven of the
tests were anchored in the lagoon from 170 to 1,200” m
offshore the island. During the 1958 Quince test on
Runit, only the high explosive component of the device
was detonated. This resulted in scattering the plutonium
nuclear fuel over a large area of the island. To prepare for
the Fig event, scheduled 12 d later in the same location,
3 to 5 inches of the plutonium contaminated soil was
bulldozed from the site and disposed of in the lagoon
immediately offshore the center of the island (U.S. DNA
198 I; U.S. DOE 1982). The transuranics resulting from
the barge events and the bulldozing operations were
identified in the near shore sediments and quantified
during a 1972 radiological survey (Nelson and Noshkin
1973). These results show that the mean quantity of
TRU’s distributed over the surface sediments (to a depth
only of 2.5 cm) in a 0.7 kmz region extending ().8 km
lagoonward of the island is about 64 GBq. The mean
concentration and inventory of the transuranics in the
surface sediment offshore Runit and in the entire lagoon
(Nelson and Noshkin 1973; Noshkin 1980) is summa-
rized in Table 1. The lagoon sediment contains the
largest reservoir of plutonium at the Atoll. These sedi-
ments are exposed to the bottom waters of the lagoon tind
the radionuclides are remobilized continuously to the
hydrosphere from the sedimentary source term. Mean
water concentrations of plutonium measured in the la-
goon over time are shown in Table 1. These data
demonstrate that remobilization is occurring from the
sediments to maintain an inventory of plutonium in the
lagoon water mass decades after testing. At Runit, the
plutonium in the near shore sediments is also mobilized
and measured in seawater and has been available for
uptake by near shore organisms for many years (Nelson
and Noshkin 1973; Noshkin et al. 1974; Noshkin et :11.
1976; Noshkin 1980; Noshkin et al. 198 la).

Radiological conditions at Cactus Crater subsequent
to cleanup

Cactus Crater was formed in May 1958 by the 18-Kt
Cactus event detonated on a manmade extension of Runit
island on the lagoon side of the reef. Cactus Crater in the
foreground and LaCrosse Crater with the ocean in the
background are shown in Fig. 2a at a time before
cleanup. The test produced a crater roughly I I2 m in
diameter and I () m deep. When the device exploded,
some of the pulverized material fell back into the crater
so that the original hole was deeper than I() m. Quantities
of different radionuclides are distributed non-uniformly
throughout the sediment sampled in the 10–1 5-m-thick
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Table 1. Tr;nlsurunic radionuclide ktgc)on seditnent and pluloniunl wtiter colunln inventories. Sedinlent ;ind water dtitti
t’ronl Noshkin ( 1980); Noshkin et al. ( 1987).

Sedlnlen[ c{IncenlIiItIc)II\

Encwc[ak Atoll (:~rc:],1)33 LI112) 2‘<’‘ “(’I’LL ‘ “PU 24’AIII Total TR U“

Are~ll ac[ivil} to 2.5 cnl depth (GBq knl 2, q,,) I .4 3.() 14,3
T{~[tilto ?,5 cnl depth (GBq ) 9,200” 1,300” 2,800” 3,300”
Tot;il L() 16 c]]) c!cp[h (GBq)” 44,()()() (j,zoo” 17,600” 67,800”
Region to ().7 hnl oltshorc Runit ((),86 hlllz)
A real ticlivily (c) 2,5 cnl LJcp[h (GBq Ln] 2, 50.5 14.1 5.7 76.3
Total (() 2,5 c[n depth (GBq) 47.5 11,9 4,8 64.2
Total [(I 16 cn] depth (GBq)” ~~5 57 30 3[2

A\cra:e 21,1 I24(1Pu Iugt)on wutcr conccn[r~ltion(Bq In ‘)/in\entory (GBq )
(bnewe(ak Lagoon” areo 933 knl~; n)ean Lteplh ().(M9 kn])

Concentrd[ion To[al
Dtite [)t collccti{)n Nunlher of \alllPies Soluble pilr[iculti(e Tot;]] inventory

October-Decenlber 1~)72 35 ().8 I ().3 1.18 53.9
July 1974 71 ().93 ().7() 1.63 74.5
May 1976 ~(] ().59 ().4X I.07 48.9
MLiy 198? 23 ().6.? . —~

“Core s~unplc\ collected t~vcr (hc Itigoon in 1972 and 1977 showed only ?I f 11’1 (~fthc plutoniunl and lo t 67{ ot’~41Anl in the
sedin]cnt c{~lun]n arc ~l\sociti(ed with [hc \urlace ?,5 cn] surtilcc Itiyer. ‘1’hcsc \:tlucs :(ICas\unled rcpre\etltati\,c t’[~rscdinlent ;inywhcre
in the lagoon toc\linliitc inicnt(~ries to 16 cn] t’riIm Inctiiurccl Surlticc c(~nccntr;iti[)n~ (Noshkin 1980).

‘Totiil trtiniul-ilnics (z’~pu + ‘q<’’24”Pu + ‘AIAn))
LPtirticulutc phase II(I1nlctiiurcd.

Fig. 2a. Cactus cra[er in foreground with LaCrosse crater und (he ocean reef in the background at a titne before cleanup

activities.

fallback zone of altered carbonate material (Ristvet et al. 3.3 X 104 m] but could hold up to 4.4 X 104 ms of water
i 978). The crater resembled a spherical segment with a during periods of highest tide. The total surface area is
flat base and had an average volume at meun sea level of approximately 6,900 mz, of which only an estimated



238 Ilc;llth Phy\ics

2.060” Inz were covered with scdinlcntary dcpc)sits. The
renlaining upper slopes were littered with rock rubble
although son~e are~s c~t’the wall did have thin vcnccrs of
coarse sand. Much of’ the surrt)unding rock is heavily
fissured fronl events detonuted nearby. ‘[he nlajority of
the crater rinl is on IJnd. but about a quarter c)t’the custern
circunlfcrence was open tc) pel-nlit exchange of” water
between the cruter and t)cetin during periods of high tide.
Circulation of scuwutcr in the region is directly tiffected
by the windward crc)ss-reef currents.

The gr~)undwoter in the area inllnediately southeast
of the crater tlows generally s{)uthwcst into the Ioguon
(N~)shkin et al. 1976). Dye tracer studies (Marsh et al.
1978) shc)wcd that n~ost of” the wuter I{)st fron~ the craler
is by uvertlow during periods of” high tide. The w~tcr
cventudlly tlows int[> the lagot~n through u brctik in the
land cxtcnsic)n son]c 400 n] northwest of” the cruter
(N{)shkin 1980; Marsh ct al. 1978). The dyc studies uIs()
showed thot only snl~ll anlounts of crater wtitcr enter the
island’s groundwuter or t’luw subterranctinly into the
lagoon.” The residence tinlc of’ the water in the crater wtis

a t’unction 01 the tidal range and could bc predicted tor
any period with uvailablc tide datti. The nlctin rcsidtncc
tithe of the water, uveruged over a nlc)nth. was abt)ut
2.6 d (Mtirsh et u]. 1978).

Plutoniunl and t)thcr radi{)nuclidcs were supplied to
the crater wuter by three processes: transportation” of’
sonic quuntitics were associated with surface ocean water
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advecting {)vcr the reel; release to the bottonl intcrstiti~]
w~tcr occurred fr~)nl the conttin~intitcd bt)ttunl sedinlcnts
ut’ the ftillback ~onc; ~nd by intcractic~ns involving

rcsus~cnded bt)ttt)nl scditllents with the crater wattr.
The latter tw{) n~cchanisn~s contributed nlost of the

plutc)niunl rtidi~)nuclidcs tu the cr~tcr wtitcr co]uinn.
13ctwcen Janui,try 1975 and May 1977. 27 sctiwutcr
sanlplcs fronl different depths in the crater were {)bttiincd
for radionuc!idc antilysis. Ttiblc 2 sunlnlarizes the nlL!an

““‘ 24’)PU, ‘-’7CS,concentrations” tor ‘- ‘)”Sr and S values
[Unlc)unt of” ‘“x Pu to total plutt)niunl (Z’x’ ~-”)’ ~J(’Pu)
alpha activity ] in tlltcred wutcr and ptirticulatcs fr~)nl
depths in the crater. Filtered interstitial water and short
scdinlent cores were sunlpled between 1974 tind 1977.
Concentrations in these san~plcs ~re alsu shown in Table
2. With the cstinlatcd exchange rate und $iz.e of the
plutoniutn scdin~ent rcscrtt)ir it is cstinlated that I I.5
MBq ot”~~” {‘“) Pu and tippr~)xilllu(cly halt’ this tinl~)unt of
: lXPU is annually relcuscd fr{)nl the crater b~)tt~)n~sedi-
nlcnts. This plut(lniunl nlixcs with the setiwtitcr tilong the
reel and subseyucntly nlerges with the inventory corl-
[aincd in the l~g[)OII w~tcr I)lJSS. The crater s~)urcc
ct)ntributcd about ().()3CA tu the unnual tivcragc Itigoon”
water (soluble) inventory of 2‘“ { 24’)pu (SCC Table l).
Filling the crtitcl- with solid debris and closing the access
of ocetin wuter {>n the etistern perilnetcr during cleanup
was an effective n]eans of elitninating this snlall contri-

Table 2. Concentrdti(ms of radionuclides in c:lcttrs crtiter wa[cr. \edimcn[, tmd in(el-stitiul water S:II]]IJICS CtJllCCICd
hctwcen February 1974 find May 1977 prior to clc:mttp :lctivities.

Mc2m ct~ncenlra{ifjn 01 s(nne r:]dionuclidc~ in I’iltcrcd ~vlitcl 2u111ptlrticul~llc s:lnq>lc~ (13q m ‘).

Solulion P,irticulit(c S(llll(ioll P,ir(i~.ulille S(lIII(IOI1
2]” ‘ 2’(’PU .s V:iluc” ‘ ‘<’‘ 2’(’PU .s \’Ltluc” ‘ “[. ‘4 ‘ Am ““s1

klc:In \urt’~tcc wa(cr 2.fr t ().7 ().32 J.() + ~,1 ‘- “-() .1.1 x.() + 2,() ..15
hlcLIn nlid-dcplh (4.5111) 32+1. I ().33 4.2 + I .3 ().33 X.1 + 1.X
N[c:ln holl{)m (9 [11) W;itc[ 3.() t 1.7 ().33 1(>.1+ 8.() ().33 X.() ‘ 2,5

Nlc:m cr:]lcr R filer 3.2 + 09 ().33 8.3 : 5.1 ().3.? X.(1 - I).() - I 17.() + 3.()

(27 \;unplcs 101-plutonium)

C(mcentrtilion 01 ‘ ‘<”24”PU ;InLI‘“C\ in lntcl\(ititil sed)n)cnl pOICW:i(cr(Bq In ‘).

: “’ 2“’1’11 .Svlluc ‘ ‘ ‘c\
~g ~lil) ]977 outgc)ing tide 8 x + 04 () 35 101 + 1.3

outg{ling Iidc 8.5 “ ().5 ().34 8.3+ 1.1
30 hlay IY77 L(J\\ (ide 12,3 * (),() _(),34 7,7 + ().4-..

Aver,igc
—

yy~~] 034 x.7 + 1,2

Concentnltjon 01 some Itidionuclidcs in cl-~~tclb(~t(om .edimen( (Bq g dry \$~.)

23” 2’(’PU ,Sv:lluc “c~ 14‘/\n)
Collcclcd 212174

()--5.7 cn] surt’:ice \ection 3.04 t ()07 (),35 ().4(>t ()04 ().34 + ().()7
5.7. I 1.4 cm sectmn 2.93 + (), 19 ().3s ().52 + ().[M (),39 + ().()7
I I .4– I7.2 cm \eclit)n 3.74 + ().2(> ().35 (1.50 + ()()4 1).3~)+ ().()7

Collcclcd 4/20/76
(). ? cn] .url’,icc t’inc I’I .ic[ic)n 3,X5 + () 15 ()..14

().. 2 CIII surlilcc ccliir\c t).lcll(~ll 1.3s + ().12 ().33

4-(I cn] tine Iriictitn] ~ccli{l]i 3,20 + ()..+? (),.1?

4–(I CIII c[)tiric lrilct ion ~ccli{]n 2.4(1 ‘ [).25 ().3()

I 1> I 4 cm t’inc I’t:icti(ln 40(1 t ().32 ().35

I ()-14 CIII course I’r:iction \ccti~)n 2.X2 + ().2X (1 3~)

‘i .s V’lluc J “PLI 10 [~)l:tl plult~i]iunl ;tlph:i :iclil il} ]:i(ii).



bution of plu(oniunl iInLJ other r:ldit)nuclidcs to [hc
lagoon Water.

with the subterriinc:Ln grc)undwater. A central “donut’”
Ilt)le was left in the s~)il donle. This space was reserved
pri nltiri Iy fc)r debris translocatcd fronl other purts of
Runit Isl:ind, Atter the h[~lc was tilled with soil and {)thcr
debris. the 46-cn~-thick concrete cap or donlc was con-
plctcd. A licw taken over the ltig~)on ot’ the donlc in the
tin:d stages of the cleanup oper~iti{)n is shown in Fig. 2b
with LaCr{)sse Crater and the {)ccan reef in the b~ck-
ground.

The Unl{)unt {)f soil and TRU’s transferred both to
the cr:ltcr und placed tibc)vc ground under the donle tire
tibstracted fr~)n~ clean up records (U.S. DNA 19XI ) and
shown in Table 3. Table 3 Lilso provides the quantity of
soil and TRU’S rcnloved tronl the different islands. Only
24(1 of the tt)tal TRU was buried belt)w ground level in
the cr~ltcr while the renluining activity is ~ssoci~ited with
nl:Ltcrial placed tib(~ve the wuter level under the dc)nlc.
Usitlg a dry weight soil density ot” 1.29 g cnl ‘] (U.S.

DOE 1982), the average soil TRU cc)ncentrati{)n in the
undi]uted cr:itcr fill is c~)nlputcd frc)nl the Liatu in Table 3
{{)be 2.4 By g 1. Table 2 shows th:lt the tc)t:d TRU in the
surl’uce 17 cnl ot bottonl” scdin~ent t’ronl the crtitcr
s:inlpled in 1974 wds ~ibc)ut 4.7 By g 1. This is nearly
twice the c{)ncentr:ltion in the nlaterial USCLIto t’ill the
cr:ltcr. Thcrci’~)re. if lc~lkage were to occur into the
grt)undwater I’rc)nl the till, it would be difficult t[) detect.

There should be less TRU nl~)bilizcd to solution” fronl the
fill than w~is previc~usly n)obilized frc)nl the crater bottt)nl
scdinlcnts tind found in the cr:ltcr w:ltcr (shc)wn in Ttiblc
2) before 1977.
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Table 3. TRU activity and volume of soil excised tind placed in
Cactus Crater and under the dome on Runit Island.’i

TRU Activity Soil removed (nl’ ) to

I\land GBq Crater Dome

A[,m(m (Sally) 48.1 8,100” ()
Aomon Crypt (Sally) 33,3 342 7,130
Boken (Irene) 37.() ~~~ 3,450

Enjehi (Jtinet) 96.2 ~~,~go 7.633

l.uj(lr (Pearl) 63.() () 11,415
Runit (Y\(jnne) 267.4 () 8,210’”

Total 545’ 41,654 37,X3X

“ Data t’rnm DNA 1981.
“ Mo\I acti\ity and \oil in centml dmlut hole under dnme.
‘ TRU c,timated in Crater 13 I GBq.
‘ TRU estimated in Dome 147 GBq without amnurrl in Dtmu( hole and414
GBq including amount in Donut Hole.

Approximately one-half of the total inventory of
TRU now under the concrete dome originated from only
5 northern islands. The remaining material was surface
material translocated from one or more areas on Runit
and dumped above ground in the crater donut hole. The
amount of activity moved to Runit from the 5 northern
islands is comparable to the inventory of TRU already in
the lagoon sediments to a depth of 16 cm in the ().86 kmz
area off-shore the island (see Table I). Comparison of
values in Tables 1 and 3 also shows that the inventory of
the TRU’S in this waste disposal site is equivalent to only
0.8% of the total TRU inventory in the lagoon sediment
to a depth of 16 cm. Therefore, if the contents were to
find its way into the lagoon, the inventory of the TRU’S
in the local area, and especially in the entire lagoon,
would not change by any significant amount and no
unacceptable hazard would result (NAS 1982) if such a
catastrophic event was ever to occur.

Results from the 1980 National Academy study
In March 1980, members of the National Academy

of Sciences committee visited the Atoll to conduct a
series of sampling and observations at the dome. Tests
included taking solid core samples from holes drilled
through the soil-cement and tremie fill. Three holes were
drilled through the third concrete ring from the top.
Material from the center “donut” hole was not sampled
during these tests. Water samples were also taken from
two different levels in one drill hole from below ground
level in the zone of incompletely cemented tremie
concrete. In the tremie zone there was relatively free
communication with the groundwater (NAS 1982). The
soil-cement above the water level also did not achieve the
concrete-like character that was anticipated. The cores
from the bore holes were sectioned and the material from
different depth intervals was described. Sections were
then analyzed by gamma spectrometry, and the tran-
suranics and ‘)OSrwere determined following radiochem-
ical separation (Robison and Noshkin 1981). Table 4
shows a description of the material encountered at depths
in the different zones of the structure along with the
concentration of 23’)‘-240Pu measured in sections of the 3
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cores. Concentrations of the radionuclides measured in
the filtered water stimples and the particulate are shown
in Ttible 5. The description in Table 4 shows there is
poorly cemented soil in both regions under the dome, and
there also appears to be considerable amounts of debris in
the fill, other than soil. Ttible 6 lists the mean concen-
trations for the principle radionuclides measured in the
samples from the tremie section below ground and from
the soil-cement region above ground under the dome.
These mean values are developed from the core data in
Robison and Noshkin ( 198 I ). The mean concentration of
the TRU shown in Table 6 is approximately 3–4 times
less than the soil concentration expected from the results
shown in Table 3. However, this difference should not be
considered unreasonable since the estimates of radionu-
clide concentrations made during the cleanup are not
likely to be very accurate (NAS 1982), and the dilution of
the soil concentrations with the uncontamintited cement
(estimated to be about 30% of the measured value) was
not considered.

It is probable that the measured concentrations from
the Academy samples more accurately represent the
TRU’s in the material below ground in the crater and
above ground, exclusive of the contents in the center
hole, than the estimates made from the field measure-
ments (U.S. DNA 198 I ) during the cleanup. Based on
these measured values, the mean TRU inventory below
ground would be 34 GBq and above ground the inven-
tory would be 50 GBq, exclusive of the amount associ-
ated with the fill of the center hole. Interestingly. thle
mean concentrations of 0.62 Bq g L and 1.3 Bq g ,
respectively, in the crater and dome soil, shown in Table
3, are less than the post cleanup average TRU levels
(U.S. DOE 1982) measured in surface soils ( I–3 Bq g 1)
on many of the northern islands such as Alice, Belle,
Clara, or Daisy (see Fig. I). These islands satisfy cleanup
criteria where the Enewetak people can visit and gather
food.

The average concentration of ~-~’}+‘JOPU found in
solution within the containment structure is tipproxi -
mately one-half the value found in the crater seawater
before the crater was filled with debris. Comparing the
soluble water concentrations in Table 5 with the levels in
water from Table 2 shows that the fill lowered the
concentration of plutonium (and TRU) but also caused a
si nificant increase in the dissolved concentrations of

$i‘~ Cs and ‘OSr. Therefore, if leakage of crater material
were to occur through the groundwater uquifer, 1J7CS
would be a better tracer for this source of water since it
is released to and moves in solution more readily than the
TRU’S.

Concentration of radionuclides in samples from the
surrounding environment of North Runit

Groundwater and off-shore seawater. A ground-
water program was initiated at Enewetak Atoll in 1974 to
study the hydrology and groundwater geochemistry on
selected islands of the Atoll including Runit. Groundwa-
ter from 2 well sites (XRU 5 and XRU 6) between the
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Table 4. Description of materitil and plutonium in s:~mplcs from interior sections of the dome,

Mc~m 3’”’ 24”PU (Bq g ‘)
in extracted soil $tinlpleh

Depth (111) drill hole
Description of

Under Dome smnnle nlflleri~tl” CD-1 CD-12 CD-17

()

1

2

3

4

5

6

7

x

9

I()

II

]~

13

14

15

16

()

().43 Dome cap

[,41

~Tnceln~n[c~,lle~iL1lT)- 1.?2 1.7[)

fine soil-cenlcrlt

(),37

3.8 I .37 (),74

Oversile nlziteritil
cobble, limbs, wire, rehilr

5? dome till ab{lvc this depth find cmter fill
below,

(). t 5-M ]~yers of
puor]y ccmcnted trernie ().()6

6.7 with uncemenled soil (),19

7.3 O\,ersize debris ;md cobble

().44 ().23 [).55

Ltiyers ot’ poor to nlodcr:lte
cemented trcmie und soil. ().78
cnbhlc. rehor, wood

9.8 (),2X ().4 I

Soil, wood, minor grdvel -
size tremie

11.3 ().()()5 ().59

Fallbtick m~!terifil helnw thi\ depth. Original crtiter sediment

().()56

().41

().()08

15.8 (),()()8

Bottom original crntcr

“Descriptiono t’material incorehole CD-t asprovided in NAS(1982). Radi()l()gical d&ltafr()nl R{)hist~n and N()shhin(l Y8l).
‘Measured concentr’ation is indicated within depth inter\’al sampled,

crater and the lagoon were regularly sampled between
1974 and 1979. Some of our early results on radionuclide
concentrations in Runit groundwater have been discussed
previously (Noshkin et al. 1976). The well sites were
destroyed during cleanup operations sometime between
April and October 1979, but they were replaced by DNA
in March 1980. The two new wells were identified as
CW 1 and CW2. CW 1 is approximately 5 m from the
base of the dome near where XRU 5 was located, and
CW2 is 15 m lagoonward of the base near the site of
XRU 6. Since there was a small but perceptible ground-
water flow in the region towards the lagoon, it was felt
important to tnonitor the surface water for any changes in
radionuclide concentration. Water was sampled during

trips to the Atoll from 1980 to 1984 and again during the
1990’s. Average concentrations of 239‘240PU and 137CS
in groundwater during ~:riods of pre- and post-cleanup
are shown in Table 7. Cs measurements are included
because it is more mobile than plutonium and is therefore
a better indicator of any leakage from the crater site.

Seawater was sampled from the lagoon 50-100 m
opposite well CW2 in approximately 8 m of water. We
designate this location as station CL-I. Station Cl-1 was
the location where the research vessel usually anchored
in the lagoon near Runit, approximately 400 m from the
shore directly west of the crater. Water samples were
routinely obtained from this location before and after the
cleanup. On several occasions seawater was sampled in
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~dble 5. Ctjnccntrati[m of radi{]ntrclides metisured in water fr(ml 2 levels in drill hole CD-1: 3/2X/X()( Bu m “)

CD- I depth\ SOlllplCd (m) “<’ ‘ ““PU .s V:ilue 22 ‘ Am I 37~\ ““Sr
7,6–8.2
Solution” (<().45 micrun) 2.1

Ptirticulatc (>().45 micrml) I .6
x lo”

8.2-().7
Sululi(]n (<().45 micr(m) I .5

Purticulatc (>().45 nlicmn ) 4,2
x 10”

().()1)7 ().2(1 10.() 1.1
x 10” x 104

(),()9() I ,6 2.9 x 103 3.()
x 10” x 10”

().()(1x .:(),1 X,4 x 10” 1.3
x IOJ

().()$fr 3.3 8.() x 10” 8.5
x 10% x 10”

Table 6. Mefin tictivity c)(’r~dionuclides meosured in soil c{)rc
sumplcs exlmcted fr[)tm the dome find crater by the NAS in 1980.’”

Bq g ‘ dry wt

R:idimluclidc D(nneh CrJtcr”

‘ ‘<’‘“’)Pu 1.13 t ().41) ().35 t ().25
‘J’Anl ().15 t ().()6 ().23 t ().4X
T~lt:il TRU (cstim~tc from S v;tluc in wtlter) 1.30 ().()2
‘“c, (),34 t ().23 (),3+ t (),34
““sr ().71 t ().45 ().x I t ().6()

the lagoon in the area of the bretik in the reef north of the
crater. A summary of the concentrations of ‘~’)’ ‘40PU
and ‘37CS tneasured during different periods in the
filtered seawater satnples from these three locations is
shown in the lower section of Table 7.

Results in Table 7 show there has been essentially
no chtinge in the concentration of ‘s”’ ‘40PU or 137CS in
the surface groundwater from the two well sites. Of’
significance are the results in Fig. 3 showing changes in
surface groundwater salinity. Prior to capping the crater,
the groundwater (XRU-5 and 6) at these sites was alwtiys
brackish and had essentially the salinity of seawater.
Rainfall itnpacting on the cement dome results in quan-
tities of freshwater runoff that alters the groundwater
quality as is evident from the change in water salinity tit
CW- 1 and 2. Before cleanup, the beach tireti lagoonward
of the crater was barren of’ vegetation (see Fig. 2a). Now
the well sites are overgrown with scrub vegetation and
ground cover because of the added fresh water supplied
by runoff to the area.

The results shown in the lower section of Table 7
indicate a reduction over time in the amount of dissolved
‘-~y‘ 2~OPu in the offshore surface seawtiter. The reduction
was tnost notable in the water immediately offshore the
crater (CL- I). The ‘-~”+240Pu concentration in seawater at
the station most distant from land was similar to mea-
surements in previous years (CI - 1). All concentrations
are lower than the levels in the groundwater from the
lagoon well sites near the crater that were sampled during
compar~ble times. The water data suggest that the pres-
ence of the dome structure has apparently acted to restrict

rather than increase transuranic movctnent from the
crater to the lagoon.

The present tne~n concentration of 1‘7CS in the
lagoon surface water off the crater is tnany times lower
than the groundwater levels in CW- I and 2 and is now
only twice the value of “global fallout” levels found in
California Pacific coastal surFdce waters (Wortg et al.
1992) in the late 1980’s. It is now comparable to the
surface concentrations found in California surface wtiters
during the late 1970’s (Noshkin et al. 1978). There has
been no evidence of cha~$e in the nearshore Itigoort
seawater concentration of Cs during the last 16-18 y
that could be attributed to any major leakage of from

material contained under the dome.

Concentrations in edible flesh of reef fish. The
purpose for collections and analysis of specific radionu-
clides in fish, and in particular plutonium, changed over
the years. In the 1970’s we were tasked with comparing
the levels of radionuclides in tissues of different species
of fish from different locations. As the program pro-
gressed, dose ~sscssmcnt bccamc the more important
issue. This focused our tittention on the analysis of the
edible tlesh from the different species. More than 2.()()()
fish have been collected from Encwct~k Atoll for radio-
nuclide unalysis since 1972, Each fish was dissected and
the tissue and organs of the species from the same catch
were pooled for tintilysis, It was necessary to pool tissues
from u particular catch for tinalysis because of the low
concentrations of transuranic r~dionuclides encountered
in edible muscle tissue and sotne other parts of the fish.

Differences cncountcrcd in the concentration of any
radiortuclide in the flesh are found to relate to fish species
and size: the location where the fish are caught; feeding
habits: concentrations in the material ingested; and tro-
phic level. Some of these relationships are demonstrated
with the 137CS data in different reef fish from Runit
Island shown in Table 8 (Noshkin et al. 1997). The fish
described in Table 8 were all caught using throw nets on
the lagoon reef near or north of the crater. Data for 2
species of mullet tire given along with concentrations in
flesh of surgeonfish and goattish, all used in the local
marine diet by Marshallese people. Mullet arc herbivo-
rous and detritus feeders. Considerable quantities of
bottom sediment are ingested along with food. Adult
mullet belong to the 2nd trophic Ievcl. Surgeontish are
herbivorous browsers, feeding on algae fronds and filu-
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Table 7. Cc~nccntrtiticm ut’ rtldi{}nuclidcs in filtered surluce gruundwater t’rurn 2 wells Iagoonword” [Jt the crater :md in
lagc~~)nsurluce se:lwatcr nff-shore Nt~rth Runit Islurrd. ‘‘7Cs (d) mean c(>ncentrati(m decay cnrrected to I/l 996. Values
in p~renthcsis tire number (JJ samples ai,erfiged. C(>ncentr~tiuns t~nly in filtered (().45 micron) surface groundw:]ter or
Itigoon water.

Bq nl ‘

Yeiir\ sampled Cirtlundwatcr WCIIS 2‘<’‘24(’P11 ‘“c, ‘“c\(ll )

I975- I979 XRLI 5 & 6 nlcun 3.3 (x) 6(,7 (8) 430
(prc disptl\Jl ) rdllge (),4–8.{) 74-3,(K)()
i 9N()- 1984 CW I & 2 nlckln 3.2(10) ~,)() ( ]()) 64( )
(ptlil dispt)s~il) I-lulgc ().~)-9.ri
[yc)~

40-2,260”
C’W I & 2 rnc:ln 3.3 (2) 555 (2) 560

(pusl disp{)\tti ) rfinge 2.64, I 370-740”

I<lg{lon sc;lw~~ler
(3 \l:iti(ln\ 70400 n) (~i”t’~hore N. Runil )

1975- 197~) nle:ln 2.5(i4)

( pre dlspos~il )
10(9)

r:lngc ().94,4 8–~~

1980-1984 nlet]n 1,8 (1)) lq(~)

(pt)s~ dispc)\lil ) rtlngc ().6–2.6 I()-2()
1l)g~ mc:ul ().7 (3) 10(3)
(post disposiil) l-:ulgc ().7-( ),8 6-14

10

14

I()

Fig. 3. Salinity in the surface groundwtitcr i’rum 2 wells Ioctitcd
lag(>c~nwordof the cruter.

mentous algae, This species is in the 2nd trophic level.
The goatfish consume fossorial as well as surface benthic
fauna including small clams, crustaceans, and small
benthonic fish and belong to the 3rd trophic level
(Noshkin et al. 1981a). The surgeonfish contain higher
levels of 1-37Cs in the flesh thtin either species of mullet
or the goatfish. Surgeonfish are more territorial where the
mullet and goatfish move in schools to different loca-
tions. The concentration in surgeonfish decreases with
time, but no such trend is evident in the data for mullet or
goatfish. The concentration of 137CS is similar for mullet
and goatfish and is essentially below the detection limit
in flesh from the fish caught in the 1990’s from this
region. These differences in muscle concentration relate
to the feeding habits of the fish.

Fig. 4 is from Noshkin et al. 997 and shows a
semi-log plot of the data in Table 8 for surgeonfish from
North Runit and two additional data points for these fish
caught from different locutions of the island. One sample
was from the ocean reef approximately at mid- islund and
the other group of surgeonfish was caught in the lagoon
from the southern tip of the island. These results dem-
onstrate there tire differences related to location sampled
even on the same island. The reef fish are territorial and
reflect the concentrations in the local environment from
which they are caught. The results of repeated sampling
of surgeonfish from N. Runit lagoon show a steady r~te
of decline in concentration with time. This suggests that
the data can be used to estimate the change in availability
of ’37Cs to this species from the local environment. The
best fit to these data yields a slope related to an effective
decay constant of (). 104t .()12 y -1 with a correlation
coefficient of ().88. The physical holf life of 1~7Cs is 30 y.
The computed environmental half-life for 137CS in the
lagoon near N. Runit is therefore 8.63 1.() y. More on the
environmental half-life in fish will be discussed in
another paper in this volume (Noshkin et al. 1997). The
important feature to note is that in recent years the levels
in fish indicate no increase that could relate to leakage of
137CS from the material under the dome.

The rate of ‘3” i ‘~()Pu disappearance from the envi-
ronment does not follow that of 137CS because the
geochemical behavior of the two radionuclides is signif-
icantly different. Between 1972 and 1978, the concen-
tration of global fallout ‘J’)’ 2J(’Pu in surface water of the
north equatorial Pacific ocean was equivalent to or less
than ().0 14 Bq m--~ (Noshkin et al. 1987). Table I shows
that the mean lagoon concentration of ‘~” +‘doPu during
any year is much greater than fallout background in the
Pacific ocean. The difference between the average solu-
ble concentration measured during the different periods
indicated is not considered significant, and the ussump-
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Table 8. Concentration of ‘]7Cs in the flesh of four species of reef fish caught in the lagoon off North Runit Island.

‘‘7CS(Bq kg ‘ wet wt~’

8/64’ 5~,(]

11/78 1.()(2) 14.4 (2)
9/80 ().58 (4) 0.35 (5) ().64 (4)
9/80 (),26 (8) 1.()(3) 7,94 (2) 1.4[ (2)
7/8 1 0.52 ( 12) 9.67 (2) 1.9(7)
6/82 ().66 (20) 9.11 (2)
8/83 ().67 ( 18) 1.1 (5) 5,42 (3)

1[/93 8.07 (14) ().54 (60)
2194 1.6 (50) 4.73(11)
2194 1.4 (60) 4.52 (6)
I 1194 1.70 (30) <1
st95 <1 1.83 (35) <0.4

5/95 1.93 (1[) <1
4/76 Ocean reef-mid isltind 1.6(5)
9/80 Lagoon south tip of islund 1.7 (3)

“ Numbers in ~arenthesi\ are the I-sigmti counting error ex~ressed ils percent of the listed value.
h Result from ‘Wel~nder et al. ( 1967):

I00

1 D. ..

01’ ,,, ,, ,,

Jan-58 18..63 Jan-68 J.11-73 Jan-78 Jan-83 J&n-88 Jan-93 Jan-98

Collect<.. Date

Fig. 4. ‘‘7CS concentmtions in the flesh of Surgeonfish collected
over time from Runit Island.

tion is made that the standing average amount of pluto-

nium mobilized to the lagoon water mass from the Atoll
sediments, at any time, is constant. Highest concentra-
tions are generally found in the NE and NW quadrants of

the lagoon and lowest levels are generally found in
seawater from the SE quadrant. Steady state conditions
have been established for 239+ 240PU partitioning from the
sedimentary reservoir to solution. Between 1972 and
1982, the average “soluble” 23Y+240PUwas 0.74 Bq m-3.
The quantity in solution represents only a small fraction
of the inventory associated with the sediment. Unlike
137CS, the mobilization of 239+240PU is a slower process.
A similar mean concentration is expected to persist in the
lagoon through the remainder of the 1980’s and 1990’s.
Because the physical half-life of 23’)+240PU is very long,
it is therefore anticipated that the mean concentration of
the radionuclide in the flesh of fish from different
locations will relate to water levels and will also be
relatively constant over time.

Table 9 shows the islands and other locations in the
lagoon where reef and pelagic fish were caught since
1972 for plutonium analysis. The islands can be located
by referring to Fig. 1. Table 10 shows the in normal and
geometric (median) mean levels of ‘3’)+‘JOPU in flesh of
all reef and pelagic fish species collected durin different
intervals from regions of the lagoon. As with I& Cs, there
are differences encountered among species with different
and similar feeding habits and locations sampled. In
general, the level of ‘3’)’ ‘~OPu found is higher in reef
species and lower in pelagic fish. Among the reef fish
caught at the same location, the flesh of mullet generally
has higher concentrations of plutonium than surgeonfish
or goatfish. Fewer samples have been processed for
‘41Am, but the median concentration in samples of flesh
from fish from different locations sampled between 1976
and 1982 was 0.0024 Bq kg- 1 wet wt. The median
concentration best reflects the “average” value in fish but

Table 9. Fish collection locations at Enewetak Atoll.

Island or location ID Name LIS Desigmitor

E-2
E-9
E-10
E-19
E.20

E-24
E-33
E-35
E-36
E-37
E-38
E-39
E-43
E-45
E-53
E-54

Bokombako
Bokerr
Enjebi
Aomrm
Bijile
Runit
Japtan
Medren

Enewetak
[kurcn
Mut
Biken
Drekatimon

Belle
Irene
Jtinet
sally
Tildu
Yvonne
David
Elmer
Wfilt

Fred
Glenn
Henry
Leroy
Remoins-Oscar Tower
Wide Pass
Deep P~s\
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Table 10. Summary of 2][” 240Pu concentrations (Bq kg ‘ wet wt) in the flesh of reef ;md pelagic fish collected from
islands ~nd other locations in Encwetak Atoll.

Before cleanup cmnpleted

Fish fronl 5 isliurds (E-2, E-9, E-l (), E- 19, E-20)’” North und West o! Runit (E-24)
Peri{ld Smn~le\ Number of fish In n me:m Geotnetric me~n

1972–1978b ?1 4X3 ().22 t I .22 0.039
1976-1978 10 464 ().()19 t (),()3() ().()I()

Fish f’mm Ruuil
(E-24)

Period
1972-1978’1 9 1~y 0.089 t (),2X ().()27
1976-1978 6 123 0.()()9 + ().()()6 ().()07

Fish from 6 islands (E-33, E-35, E-36. E-37, E-39, E-43 tind ptisscs)” South and West of Runi( (E-24)L
Period
]97~_l 97 X., 26 170 ().()74 t ().?8 0,019
1976–1 978 6 156 ().()()3 t ().()(M ().()()2

After Cleanup Completed

Fish from 4 isl:u]ds (E-2, E-9, E- I(), E- 19)” :Ind tower rem;iin~ (E-45) Nnrth tind West of Runit (E-24)
Period
I~)80- 1995 27 34 I ().()()7 t (),016 ().(M)3

Fish t’rorn Runit
(E-24)

Period
198(LI 995 j~ 819 ().()()9 t ().()I4 ().()()5

“ Island n[~tnes ~rc identified in Tfible X and Ioctttion$ ;\re shown in Fig. 1,
b Dotu for Ilesh in 1972 survey con~idered \u\pcct und are irrpplicd in this summary for cnrnplcteness :]nd information only.
‘ No fish were collected from the southern i~lund~ ;tfter the clc;lnup bcc~~usc of rese[tlenlcnt.

the In normal mean is shown for information. We tend
not to accept some of the data for plutonium generated
during the 1972 survey (Nelson and Noshkin 1973)
because contamination of the samples is suspected.
However, mean values are also included in Table 10
using these data. This is for completeness and compari-
son if there is disagreement with our assessment on
contamination.

Before the cleanup, the median level of 23’)+240PU in
the flesh of the fish was very low (everywhere only a few
mBq kg– ( wet wt). Highest levels were encountered in
species from the north islands. The mean concentration
was comparable to the average found in all fish from
Runit. Lowest levels were measured in fish from the
southern part of the Atoll. These observations are sup-
ported by the lagoon water concentration data. After the
radiological cleanup, no fishing was attempted from the
southern part of the Atoll because the Enewetak people
were in the process of resettling islands in this region.
Fish were collected from Runit and from islands to the
north during the early 1980’s and 1990’s. Again the
median concentration of 239+‘40PU in the flesh of all fish
from both regions during the periods was comparable.
The mean in the early 1980’s was somewhat lower than
the mean computed from the 1993–1 995 collections. The
93–95 mean value is comparable to the value in fish from
the pre-cleanup years of 1976–1 978. There are many
explanations for finding a lower mean level in fish during
the early 1980’s. In the context of this report it is only
important to note that there has been no significant
change in the mean concentration of plutonium in the

flesh of fish caught in the lagoon near the crater over
time. Concentrations are comparable to levels in fish
collected from islands on the northern reef of the Atoll
during periods before and after the Atoll cleanup exer-
cise. Any TRU’S from material at the disposal site have
not impacted the marine resources in this region.

SUMMARY

Based on 239+240PU concentrations measured in
soils from regions within the dome after it was filled, the
original estimates of the TRU’S buried under the dome
are questionable. The mean concentrations of the TRU,
computed from the core soil sections, are equivalent to or
greater than present mean surface soil levels on several

northern islands (U.S. DOE 1982). These islands are
unrestricted for food gathering. Only 247c of the of
transuranics contained under the dome is in communica-
tions with the groundwater and available for remobiliza-
tion. The TRU in the crater is no more than the quantity
that has been exposed to seawater for years in the
nearshore lagoon sediments off Runit Island. The TRU’S
in the lagoon are in continuous contact with seawater and
are available for u take by marine fish and other organ-
isms. Levels of ,3$ ~Cs In the flesh of some reef fish from
North Runit island are decreasing at a rate faster than
radioactive decay alone. No impact is evident from ]37CS
associated with the debris under the dome. There has
been essentially no change in the mean concentration of
‘s’)+ 2q(’Pu in the flesh of reef or pelagic fish over time.
The concentrations are comparable to levels measured in
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the flesh of fish from other regions of the Atoll that are
caught and used as part of the marine diet by the
Marshallese people. This near constant level in fish is
regulated by the slow release and loss of the plutonium
from the Atoll sediment reservoir.

Our recent data and conclusions support the findings
suggested by the National Academy committee over a
decade ago in that any assumption of r~pid remobiliza-
tion of all or any of the dome’s transuranics is an extreme
one. There is still a presence of TRU’S in exposed soils
of Runit Island, and for this reason the island has been
made off limits. This recommendation should continue to
be respected. Quantities of radioactive material in the
crdter, below ground level, are in communications with
seawater and may be mobilized to solution and trans-
ported elsewhere. However, levels already present in the
sediments and seawater of the lagoon overshadow by
orders of magnitude the amounts found under the dome.
Concentrations of transuranics in fish are no different
now than pre-cleanup levels found in fish from the local
environment. Therefore, the present and projected low
dose estimates from the marine food chain are little
different from those determined in previous years for
residents of the Atoll (Robison 1973; Robison et al.
1970; Robison et al. 1987). Any fear that this structure
contains amounts of activity whose release would cause
damage to the environment that would result in a greater
effect on human health is unfounded.

A(k/it~\*,/ecf~ntc,r/t.~-The collectimr and publicti(ion t}t’the data in this report
wus made pos\ible through the efforts of a group of peuple tc~onmneruui
t{) list. They include the crews on several Marshall Islands research vessels
and o number of individuals dissociated with Lawrence Livermore Nuticmal
Llhomtory who as$isted in the field cullectimrs :md sample processing over
three decades. The work was perfurmed under the i~uspices of’ the U.S.
Deptirtment c~fEnergy under ccmtmct number W-7405-Eng-48.

REFERENCES

Marsh. K. V.; Wong, K. M.; Holladay, G.; Noshkin, V. E.;
Buddemeier, R. Radiological and chemical studies of the
ground water at Enewetak Atoll. 1. Sampling, field mea-
surements, and analytical methods. Livermore, CA: Law-
rence Livermore National Laboratory; Report UCRL-
51913; 1975.

Marsh, K. V.; Jokela, T. A,; Eagle. R. J.; Noshkin, V. E.
Radiological and chemical studies of ground water at
Enewetak Atoll. 2. Residence time of water in Cactus
Crater. Livermore, CA: Lawrence Livermore National Lab-
oratory; Report UCRL-519 13 Pt. 2; 1978.

National Academy of Science, National Research Council.
Evaluation of Enewetak radioactivity containment. Wash-
ington, DC: National Academy Press; 1982.

Nelson, V.: Noshkin, V. E. Marine program. In: Enewetak
Survey Report. Las Vegas, NV: U.S. Atomic Energy Com-
mission Nevada Operations Office; NVO- 140, Vol. I; 1973:
131-224.

Noshkin, V. Transuranium radionuclides in components of the
benthic environment of Enewetak Atoll. In: Hanson, W. C.,
ed. Transuranic elements in the environment, U.S. Depart-

July 1997, V(}lume 73, Number 1

ment of Commerce, National Technical Information Ser-
vice, Springfield, VA.; DOEiTIC 22800; 1980: 578–601.

Noshkin, V, E,; Eagle, R. J.: Wong, K. M.; Jokela, T. A.
Transuranic concentrations in reef and pelagic fish from the
Marshall Islands, In: Impacts of radionuclide releases into
the marine environment. Vienna: International Atomic En-
ergy Agency; lAEA-AM-248/146; 198 la: 293–3 17.

Noshkin, V, E.; Eagle, R. J.; Wong, K. M.: Jokela, T. A.;
Robison, W. L. Radionuclide concentrations and dose
assessment of cistern water and groundwater at the Marshall
Islands. Livermore, CA: Lawrence Liverrnore National
Labomtory; Report UCRL-52853 Pt. 2; 1981 b.

Noshkin, V. E,; Wong, K. M.; Eagle, R. J.: Gatrousis. C.
Transuranics at Pticific Atolls, I. Concentration in the waters
at Enewetak and Bikini. Livermore, CA: Lawrence Liver-
more National Laboratory; Report UCRL-516 12: 1974.

Noshkin, V, E,; Wong, K. M,; Eagle, R. J.: Holladay, G.:
Buddemeier, R. W, Plutonium radionuclides in the ground-
woter at Enewetak Atoll. In: Proceedings IAEA Symposium
on Tmnsuranium Nuclides in the Environment. Vienna:
[nternatioratl Atomic Energy Agency; IAEA SM- 199/33:
1976:517-543.

Noshkin, V. E.; Wong, K. M,; Eagle, R. J.; Jokela, T. A.;
Brunk, J. A. Radionuclide concentrations in fish and inver-
tebrates from Bikini Atoll, Livermore, CA: Lawrence Liv-
ermore National Laboratory; Report UCRL-53846: 1988.

Noshkin, V. E.; Wong, K. M.; Jokela, T. A.; Brunk, J. L.:
Eagle, R. J, Plutonium and americium behavior in Coral
Atoll environments. In: O’Connor, T. P.: Burt, W. V.;
Duedall, 1. W., eds. Oceanic processes in marine pollution,
Vol. 2. Malabar, FL: R. E. Kriger publication Comptiny:
1987: 159-174.

Noshkin, V. E.; Wong, K. M.; Jokela, T. A.: Eagle, R. J.;
Brunk, J. L. Radionuclides in the tnarine environment near
the Farallorr Islands, Livermore, CA: Lawrence Livermore
National Laboratory; Report UCRL-5238 I; 1978.

Noshkin, V. E.; Robison, W. L.; Wong, K. M.: Eagle, R. J.;
Jones, H. E, Past and present levels of some radionuclides in
fish from Bikini and Enewetak Atolls. Health Pbys. 73:49-
65; 1997.

Ristvet, B, L.; Tremba, E. L.; Couch, Jr., R. F.; Fetzer, J. A.;
Goter, E. R.; Walter, D. R.; Wendland, V. P. Geological and
geophysical investigations of the Eniwetok nuclear craters.
Kirtland Air Force Base, NM: Air Force Weapons Labora-
tory; Report AFWL-TR-77-242; 1978.

Robison, W. L. Dose estimate for the marine food chain. In:
Enewetak Survey Report. Las Vegas, NM: U.S. Atomic
Energy Commission, Nevada Operations Office: NVO- 140,
Vol. 1: 1973: 526–541,

Robison, W. L.; Conrddo, C. L.; Phillips, W. A. Enjebi Island
dose assessment. Livermore, CA; Lawrence Livermore
Nationol Laboratory; Report UCRL-53805; 1987.

Robisorr, W. L.; Noshkin, V. E. Analysis of core “soil” and
“water” samples from the Cactus Crater disposal site at
Enewetak Atoll, Livermore, CA: Lowrence Livermore Na-
tional Laboratory; Report UC ID- 18935: 1981.

Robison, W. L.; Phillips, W. A.; Mount, M. E.; Clegg, B. R.;
Conrado, C. L. Reassessment of tbe potential radiological
dose for residents resettling Enewetak Atoll. Livermore,
CA: Lawrence Livermore National Laboratory; Report
UCRL-53066; 1980.

United States Department of Energy. Enewetak Radiological
Support Project, Final Report. Friesen, B., ed. Las Vegas.
NV: Nevada Operations Office; Report NVO-2t3; 1982.



Radioactive waste disposal at Enewetak Atoll ● V. E. NOSHKINANI>W, L, RCI~ISON 247

United States Defense Nuclear Agency. The radiological Washington; Report UWFL-93, Pt. II; 1967.
cleanup of Enewetak Atoll, Washington, DC: Defense Wong, K. M.; Jokela, T. A.; Eagle, R. J.; Brunk, J. L.; Noshkin,
Nuclear Agency; 1981. V. E. Radionuclide concentrations, fluxes, and residence

Welander, A. D.; Bonham, K.; Palumbo, R. F.; Gessel, S. P.; times at Santa Monica and San Pedro Basins. Prog.
Lowman, F. G.; Jackson, W. B.; McClin, R.; Lewis, G. B,
Bikini-Eniwetok studies,

Oceanog, 30:353-39 l; 1992.
1964. Part II, Radiobiological

studies. Seattle, WA: College of Fisheries, University of ■ ■



Paper

RESUSPENSION STUDIES IN THE MARSHALL ISLANDS

Joseph H. Shinn, Donald N. Homan, and William L. Robison*

Abstract—The contribution of inhalation exposure to the total
dose for residents of the Marshall Islands was monitored at
occasions of opportunity on several islands in the Bikini and
Enewetak Atolls. To determine the long-term potential for
inhalation exposure, and to understand the mechanisms of
redistribution and personal exposure, additional investigations
were undertaken on Bikini Island under modified and con-
trolled conditions. Experiments were conducted to provide key
parameters for the assessment of inhalation exposure from
plutonium-contaminated dust aerosols: characterization of the
contribution of plutonium in soil-borne aerosols as compared
to sea spray and organic aerosols, determination of plutonium
resuspension rates as measured by the meteorological flux-
gradient method during extreme conditions of a bare-soil vs. a
stabilized surface, determination of the approximate individ-
ual exposures to resuspended plutonium by traffic, and studies
of exposures to individuals in different occupational environ-
ments simulated by personal air sampling of workers assigned
to a variety of tasks. Enhancement factors (defined as ratios of
the plutonium-activity of suspended aerosols relative to the
plutonium-activity of the soil) were determined to be less than
1 (typically 0.4 to 0.7) in the undisturbed, vegetated areas, but
greater than 1 (as high as 3) for tbe case studies of disturbed
bare soil, roadside travel, and for occupational duties in fields
and in and around houses.
Health Phys. 73:248-257; 1997

Key words: Marshall Islands; plutonium; soil; inhalation

INTRODUCTION

A STUDY of inhalation exposure from plutonium-

contaminated soil was conducted on Bikini Atoll to
provide the parameters for a rigorous assessment of the

inhalation dose to humans. The study was needed for
improved dose assessments through field observations of
total suspended particulate (“mass-loading,” Kg m–~),
aerosol size, and radioactivity per unit mass. In addition,
this study undertook to describe the distribution of
suspended radioactivity within the respirable size range
and how either the concentrations of radioactivity or the
particle size distributions vary with surface conditions
and local resuspending (dust-lifting) mechanisms.

* Health und Ecological Assessment Divisi~jn, Lawrence Liver-
mnre National Laboratory, Livermore, CA 94551.
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Our investigations conducted on Bikini and
Enewetak Atolls in the Marshall Islands provided data
that have implications not only for the local dose assess-
ment concerning rehabitation of those sites, but that
confirm observations elsewhere regarding inhalation ex-
posure due to plutonium resuspension. This research was

supported by U.S. Department of Energy, Office of
Health and Environmental Research, and is compiled
here from a series of older internal reports.

BACKGROUND

A study conducted on Bikini Island in May 1978,
provided a more complete set of data following earlier
studies on Enjebi Island of Enewetak Atoll in February
1977 (Homan et al. 1978). The Bikini Island study
utilized extensive soil sampling and it? ,sitt/ gammti
spectroscopy to determine isotope concentrations in soil.
Also various air sampling devices were used to deter-
mine particle size distribution and mass loading, and
micrometeoro]ogical techniques were used to determine
aerosol fluxes. Subsequent wet chemistry analysis pro-
vided radionuclide and elemental concentrations in col-
lected aerosols. Four simultaneous experiments were
conducted: ( I ) a characterization of the normal (back-
ground) suspended aerosols and the contributions from
sea spray off the windward beach leeward across the
island using Na and Mg as tracers for sea spray and an
array of air samplers; (2) a study of resuspension of
radionuclides from a field purposely laid bare by bull-
dozers as a worst-case condition followed by detailed air
sampling; (3) a study of resuspension of radioactive
particles by vehicular and foot traffic using an integrating
nephelometer and air sampling along a road; and (4) a
study of personal inhalation exposure using small air
samplers carried by volunteers during their daily rou-
tines. Less complete, unreported studies similar to ( 1)
and (2) had been performed previously on Enjebi Island
at Enewetak Atoll and background studies similar to ( I )
were performed later on Eneu Island at Bikini Atoll.

METHODS

Soil samples were collected for analysis of radionu-
clide concentrations. 23XPU, 230+240”Pu and 24’Am con-
centrations were determined by isotope dilution and
alpha spectrometry. These analyses were performed

~~lA~~,, $~rpora’ion AIso, because the ratios
Pu and ‘3XPU:‘3’)+240PU are constant on

Bikini, it was possible to estimate plutonium soil con-

248

f ror~ the journal. Health Phys’ cs ~li th
f som the Health Physj.cs Soc <.ety



Re\uspen\icJrr studie$ in the Marshal] Islond$ ● J, H, Stn~N t,r ,\l.. 249

\
.0,,,,

Fig. 1. Plan view of instrument locations on Bikini Island.

centrations by measuring 2q1Am soil concentrations us-
ing a gamma spectroscopy system consisting of a planar,
high-purity germanium diode which attained a minimum
detectability for ‘~ 1Am less than 0.037 Bq g--1 (Kirby et
al. 1977). The detector was mounted facing downward
on a tripod so that the volume of soil integrated was
contained in a circle of 3 m radius and 5 cm depth.
Because the nuclear events causing the original contam-
ination of Bikini Island were far removed, the fallout was
relatively evenly dispersed across the Island.

Impingers were used to collect soluble sea spray
aerosols in a 250-m L distilled water trap similar to the
method of Hsu and Whelan (1976). Air flow rates were
0.36 ms h‘1 (6 L min - ]) through the water trap and
measured amounts of water were added each day to
replace evapor~ted water (nominally 40 mL d--1). Im-
pingers were set at four tower locations along a 60 m

wide clearing from the windward beach inland, spaced at
3, 26, 52, and 102 m from the high-tide waterline and at
1 m and 4 m above the ground. Elemental analysis on the
remaining water was obtained by inductively-coupled
plasma-optical emission spectroscopy for Na, K, Mg, Ca.
and Zn and by a standard autoanalyzer (Technicon) for
cl.

The major particle collection system was an array of
14 standard, high-volume (HV) air samplers, with S X

10-inch filters, and two cascade impactors, all using

Gehnan type AE glass fiber filters. Flow rates for HV
(General Metal Works ) were monitored at a pressure tap
on the fan; discharge was kept at 100 ms h- [ (60 cfm).
The lapsed time of filter operation was recorded for each
HV and cascade impactor by counting pulses from a
crystal-controlled clock activated by a pressure-sensitive
switch. Cascade impactors (CIP) were the 5-stage, jet-
plate type.”i”Three HV with the air inlets at 1. I m above
ground were located on a line from the windward beach
inland at 5, 70, and 158 m from the high-tide waterline;
the latter two were beneath a coconut grove canopy. The
tree canopy was expected to shelter the soil surface from
wind and to provide a stabilized soil surface. One HV
was located downwind of a road at the traffic study site,
and ten HV and two cascade impactors were placed in a
square array nominally 10-m apart in the middle of a

; Model 65-()()(), Graseby-Anderson, Atlanta, GA

field ( I hectare area) cleared by bulldozing. Special
chemistry methods’t were employed on the fi Iters to
determine the concentration of the stable elements Na, K,
Ca, M , S, and Cl, and the radioactive isotopes 23XPU
239+24FPU ()(,sr ,37C, and ,4, Am, Filter blank, ~er;.’ ,’
used to correct the stable elements. See map, Fig. 1, for
locations of instruments.

In addition to the HV, three non-standard ultra-high
volume air samplers (UHV) were used havin air inlets at

5
1.5 m height. Flow-rates, nominally 2,550 m- h-1 ( i ,500”
cfm), were monitored both by a pitot tube pressure tap on
the fan discharge and by a modified anemometer-
transducer measuring total discharge in the fan outlet,
which was ducted 4 m downwind before discharge.
Filters were 1 mz area of special fiber-type.$ One UHV
was placed in the coconut grove 370 m from the
windward high-tide waterline, and two UHV were oper-
ated in the cleared field at the downwind edge of the HV
array. The UHV provided the advantage of detection of
suspended radioactive aerosols at extremely low levels
(e.g., worldwide background) in a matter of a few hours
run time. (Locations of UHV are shown on Fig. 1.)

Personal air samplers” were used to determine inha-
lation exposure rates of individual persons. These per-
sonal air samplers (PAs) are small, belt-mounted pumps
with a hose connection to a cyclone particle discrimina-
tor and filter holder suspended by a chain worn around
the neck. Flow rates were 0.11 ms h--1 (0.064 cfm) and
filters were porous-type membrane filters (37 mm diam-
eter, I pm pore diamete~l[). It was found that blank
membrane filters inexplicably gained weight with time
but that standard deviations within 10% of mass could be
achieved where filter blanks from the same lot were
monitored for weight gains over the time period of the
experiment. The membrane filters were used as a sub-
strate for a scanning electron microscope (SEM) study of

particle characteristics. The SEM operated by the LLNL
Particle Characterization Facility has a large chamber for
specimens (90 mm) and has a resolution of ().015 Km. In
the SEM mount, microprobe chemistry of individual

aerosol particles on the membrane filters was accom-

plished by x-ray fluorescence with a resolution of 160

eV, which provided quantitation of particles containing
elements with atomic numbers equal or greater than
sodium.

Light-scattering instruments capable of sizing and
counting particles within the diameter range ().3 Km to 10
Km were used in two modes. In the first mode, a particle
analyzer# was operated so that i)? sitl{ particle-size
number-densities could be determined. Particles in air
entering the view volume at a rate of 0.43 ml h 1 (0.25
cfm) are counted individually by the resulting pulses that
have a height linear with particle diameter, and classified

~ LFE Corporation. Richmnrrd CA.
* Mi~r{~sorb:in N-98, Aerosn] Filter Grade S, Delbag Luftfilter.

Holzhauser Strasse 159, 13509 Berlin, Germany.
1 Model S. Monitor. Mine Sat’ely Appliances Co.. P,O. Box 426,

Pittsburgh, PA 15230,
‘1Corning Custur Corp., 45 Wagag Park. Action, MA () 1720.
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by means of a conventional 200-channel pulse-height
analyzer at a resolution of about 20 channels Km 1 (latex
sphere calibration). Particle sizes were measured in this
mode at the 1.()-m height in the cleared field with the aid
of a vane-mounted isokinetic inlet. Particle counts were
integrated over 120-s periods at frequent intervals during
the experiment. In the second mode, light-scattering
instruments were used as continuous monitors of total
particle concentration. Two instruments were used in this
mode: one, similar to the above but without size discrim-
ination,** was also placed at the 1.0 m height in the
cleared field. The second instrument used as a mass
concentration monitor was an integrating nephelometer
which measures the bulk scattering coefficient. In the
I–1 O pm size range, the nephelometer samples ambient
air at a tlow rate of 17 m’ h -‘ (lo cfm) and has a Fast
response (about I s) with a continuous DC analog output
that is linearly related to mass concentration using the
manufacturer’s calibration .”t”l”On Bikini, the nephelome-
ter was used as a dust monitor for foot and vehicular
traffic.

Two portable wind systems were utilized. For mon-
itoring wind speed and direction in the open field at the
4.5-m height, a wind speed transmitter with reed switch
contact closure each revolution and a wind direction
transmitter with 5400 dual potentiometer were operated
through a battery-powered translator with 30-s filter, and
recorded on a dual channel, strip chart recorder with an
8-d spring-driven chart. Wind-speed vertical profiles for
aerosol flux estimates were determined using a portable,
sensitive, cup-anemometer system’! i operated at five
height levels up to 4 m for selected 15-rein periods (stall
speed 0.20 m s -1, distance constant 1. I m).

RESUI.TS AND DISCUSSION

Characterization of background aerosols
The contribution of sea spray to aerosol mass

loading was investigated thoroughly because it is a
diluent of the resuspended mass fraction from the soil,
which is the host to plutonium in the atmosphere. The
stable element analyses showed that the ratios Cl:Na and
Na:Mg were conservative and had values predicted by
the composition of seawater ( 1.8 and 8.3, respectively)
(Home 1969). Other elements, in particular, calcium,
were expected to be a tracer for calcareous soil from the
parent corul material. The ratio Na: K was somewhat
more variable and had a mean value of I 1 which is
intermediate between those values predicted for sea
spray (5.7) and for seawater (27) (Home 1969; Goldberg
et al. 197 I ). Hence, the concentration of sea spray in the
air was calculated by 3.25 X Na concentration and 27 X

# Mt)dcl (’1-2{)1,Climet [nstrlmlents C{~, 1320 W. Ct)ulttln, Ave.,
Redlands, CA 92374.

‘Z* Mndcl CI-208A, Climet Instruments C{~. 1320 W. Cc~Lllton,
Ave., Redlands, CA 92374.

‘‘ Model 1560, Mete{)roh)gy Research Inc. B+dt’nr(e Instrument
Cn., Wnlfe St, Boltimore, MD 2123 I -3513.

:1 M,)dified frc)lll C.W. Thornthw;lite Assnci:ites: 1725 par\’in

Mill Rn:Id, Pitts~r[)ve. NJ 08318.
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Mg concentratiort, based on the ionic composition of
seawater (Goldberg et al. 197 I ). These two values were
averaged to minimize r~ndom error of determination.
The impingers were determined to be 77Yc efficient for
collection of the sea spray by comparison with HV; after
this correction and averaging the samples from 1-m and
4-nl heights, it was found that the concentration of sea
spray was constant over the island to within 52 m from
the windward, high-tide waterline (Table 1). The leeward
decrease was verified by HV measurements as well, but
it occurred in a surprisingly short range compared to sea
spray aerosols measured by other investigators (Hsu and
Whelan 1976; Yaalon and Lomas 1970; Rosskneckt et al.
1973 ). The rapid drop-off of sea spray from the shoreline
was thought to be due to the presence of a massive
vegetative barrier along the shore, and we expect that the
horizontal flux was already reduced at the shore because
the sea spray is mostly generated at the surf Iine on the
coral reef nearly a kilometer upwind from the beach. The
HV measurements show that the background sea spray
aerosol calculated from Na and Mg concentrations was
retnarkably uniform throughout the remainder of the
island (.T = 34 pg m‘- 3 S = 8.7, ?] = 27). The HV results
are summarized in Table 2.

Background is here defined as the aerosol concen-
trations at the 1.1 m height over surfaces that are
relatively stabilized and under normal wind conditions.
After a week, even the bare soil tended to reach the same
average level of dust aerosol concentrations (2 I Vg m 3,
as the coconut grove (Table 2). The background concen-
tration of plutonium in air from resuspension of surface
soil was measured in 1972 at Bikini and Eneu Islands
(Smith and Moore 1972; Lynch et al. 1972). At that time
Bikini and Eneu Islands had been cleared, houses built,
and a coconut grove planted on both islands. The
vegetation height was very low and the islands were
partially barren so that conditions were optimal for
maximum resuspension. Smith and Moore reported a
plutonium concentration in air at Bikini Island of 3.6
pBq m- ‘ (mean of 4 stations) and 1.5 ~Bq m-3 (mean
of 4 stations). Lynch et al. reported a mean plutonium
concentration in air at Bikini of about 1.3 KBq n-s. All
of these results are consistent with our observations Iisted
in Table 2.

An analysis of the personal dosimeter data (dis-
cussed later) showed that about 10Vo of the background
dust aerosol was organic. ‘-’()+‘40PU concentration (pBq

Table 1. Varitltion of Na tlnd Mg aerns(}ls and sea spray with
disttince tr(nn the waterline (impingers, effectively at a 2-m
heigh[).

Nil Mg C:ilculatedsea \pmy
Dis(t\nce (m ) (Kg 111 ‘) (Kg m ‘) (Wg m ‘)

3 56.? 6.17 175
26 13.3 1.45 41
5? 10.5 ],~1 35

10? 10.4 I .30 34
Bfichground (HV ) 10.5 1,~~ 34
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Table 2. Summtirv {JI mass and ~lut{~nium aerosol cmlcen{ruli(~ns (m Bikini Island.

5/6-8
st~)- I6
5/6-8
5/10-1 I
5/12-16
5/8- 16
5/8- I(>
5/8- 16
5/10-11
5/12-1(1
Bktckgr(~un~l’

780
780

600-700
600-700
600-700

70- I60
X20

5
370
76[)

>50

>50

34
34
35
34
33
40

34

34

270
9.1

240
13
7.()
2,4

16
1.1
1.9
7.x
1),5

CIP (2)
CIP(2)
HV (3)
HV (10)
HV (lo)
HV (2)
HV (I)
HV (I)
UHV (I)
UHV (2)
CIP (2), HV (20),

UHV (?)
HV (2). UHV (1)

4.7 53
4.6 43
4.7 53
4. I 52

4,6 33
4.6 45
4.() 45
4,6 45
4.1 51

4.6 33
4,6 33

m 3, was a Fdctor of 4.3 greater over bare soil than in the
coconut grove. (Soil activity was ().57 and (). S() Bq g-1,
respectively. which is not significantly different within
the normal variation encountered. )

The net vertical flux of plutonium is used in risk
assessments to estimate the residual remaining on the
surface after many years of erosion, especially where
downward migration appetirs to be negligible. If we
examine the vertical fluxes of plutonium (KBq n“ 2 s- 1)
the ratio of fluxes from the two sites will be proportion]
to the r~tio of their wind friction velocities, ~{’. where

ld’ = C,,u,. (1)

and C,J is a drag coefficient equal to (). 106 in the coconut
grove and ().()77 in the bare field as determined by our
wind protlle measurements and U, is the wind speed at
the 1 m height, which was 4. I times greater for the bare
field than the coconut grove. By eqn ( I), the ratio of
friction velocities is 3 times greater in the bare field than
in the coconut grove. The ratio of their plutonium fluxes
is also proportional to the ratio of their concentrations;
hence, the plutonium flux is a factor of 4.3 X 3 = 12.9
greater in the stabilized bare field than in the coconut

grove. In our previous work, we calculated plutonium
aerosol flux with the equation,

F = K ([it/[i:) = ‘[)kll’x, (~)

where I) is the exponent of a presumed power-law
distribution of plutonium with height : (negative sign
indicating decreasing concentration with height), k is
Karman’s constant equal to 0.4, and x is the mean
plutonium concentration in the height r:inge from 0.5 to
2.0 m (Anspaugh et al. 1975). The exponent p is the slope
of the plutonium concentration vs. height on a log-log
scale. The impinger measurements at the I-m and 4-m
heights along the 60-m wide clearing parallel to the mean
wind direction showed u p-value of ().55 for calcium on
Bikini Island, which we presume is the major host of
terrestrial plutonium contamination. Previous work indi-

cates /}-values between ().25 and ().35 for dust aerosols in
Western U.S. (Anspaugh et al. 1975).

Using the local [~-value of ().55 and measured values
of [/’ and the background plutonium concentration, x (2.2
pBq m 1), as typical for the coconut grove, we obtain a
plutonium resuspension flux of 0.057 KBq m-_cns 1 ( 1.8
Bq m z y 1) which compares to 0.74 KBq m - s- 1 (23
Bq m-z y 1, from (he stabilized bare field. Dividing the
resuspension flux values by the deposition (Bq m ‘,
converting Bq g- 1 using soil density 1500 kg m ~ and
depth ().()5 m) we obtain a fractional rate of resuspension
of 2.5 x 10–’2s–’ for the coconut grove and 1.7 X
I()--i 1 s-- 1 for the stabilized bare field. These resuspen-
sion rates correspond to resuspension half-times of 8,800”
y and 1,300” y, respectively, and are much shorter than the
decay half times for plutonium (24, I()() y). By compari-
son, plutonium resuspension rates from a bare field at
H-Area, Savannah River Site, South Carolina, was 4.4 X
,0-11 s-l (halftime 5.000” y), and resuspension rates
at Nevada Test Site ranged from 3.9 X 10 ‘‘
s-’ (halftime 560 y)lfor a sandy soil site in Plutonium
Valley to 6.() X I() s -1 (halftime 37,000” y) for Little
Feller 11 nuclear detonation site (Shinn et al. 1989).

Resuspension of radioactive particles from a bare
field on Bikini Island

On 6 May 1978, a field was chosen for convenience
(adjacent to House No. 36) and bulldozed bare of
vegetation without stripping the soil. At the middle of the
10()-m X 200-m” field. the array of instruments ( I () HV,
2 CIP, and 2 UHV) were set up in a regular grid covering
about one hectare. The upwind fetch to the nearest
instrument was 60 m and lateral borders were 30 m wide.
During 6–8 May. three HV and two cascade impactors
(CIP) were run during the highest resuspension (dis-
turbed) phase immediately after bulldozing. followed by
extensive runs with all instruments during the stable
phase, 9– 16 May. Wind speeds and direction remained
relatively constant (Table 2). Plutonium aerosol concen-



25z Health Physic\

tration (KBq m -’) was greater in the period 6–8 May
over the period 9–16 May, by a factor of 25 to 30 as
shown by the HV and CIP data of Table 2. Because the
disturbed surface was stabilized by light rain at the end of
the run on 8 May, the cascade impactor data showed
significant differences in the plutonium-activity size
distribution as shown on Fig. 2 (ordinate ~/X/d(ln D) in
units Bq g-1 of dust aerosol, where D is particle
diameter). The plutonium activity curves of Fig. 2 are
calculated using a log-normal distribution with the me-
dian aerodynamic diameters (MAD) and geometric stan-
dard deviations (GSD) obtained by fitting cascade im-
pactor data (Table 3). The aerosol size distributions for
plutonium activity determined by CIP and the total mass
loading (sea spray plus dust) determined by optical
particle analyzer were satisfactorily approximated by a
log normal distribution with the given GSD values in
Table 3. All other MAD values of Table 3 were deter-
mined by cascade impactor.

Two typical cases of number density, dN\d(ln D),
and volume density distributions, dV\d(ln D), determined
by the optical particle analyzer over the stabilized bare
soil surface on 9 May and 1I May are shown in Fig. 3.
(The data points represent averages across size bins.) It
should be noted that the optical particle analyzer sees all
liquid and solid aerosols, including both dust and sea
spray, so that the total mass obtained by integrating the
volume distribution and multiplying by a density factor
would not be expected to agree with the dry, residual
mass loading measured by HV and CIP.

The relatively good agreement obtained between the
different measurement systems indicated in Tables 1, 2,
and 3 gives us the confidence to draw conclusions about
the significance of resuspension for enhanced inhalation
exposure in this worst case example. The MAD de-
creased from about 2.5 pm to 2 Nm and the GSD
increased from 2.2 to about 2.9. These changes, if the
measurements are significant, would amount to a rela-
tively small change in the lung deposition of the parti-
cles.

1
I 1 1 I 1

,..1 , ~o
Diameter (&m)

10’ ,Oz

Fig. 2. Plutonium activity size distributions (Bq g-’ per Aln D) for
disturbed soil (6–8 May) vs. undisturbed soil (stabilized soil
12-16 May).
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Table 3. Aerosol size characteristics on Bikini Island determined
by cascade impactors :md tbe optical particle analyzer at J height
ofl.1 m,

Disturbed Stahili/ed
b~rc soil bare s(]il

Median aerodynamic diameters (pm)

Pu tictivity I .73 2,46
Pu concentration 2.05 2.43
Mass loading 2.03 2.46
Mass Ioading+)pticul 2.40 (. I I )“
Se~ spray—Mg 2.59

Geometric standard deviation (dimensiorrlcss)

Pu acti\ity 2.16 3.()()
Mass Ioading+ptical 2.82 (.25)”

“ Optical particle ~nalyzer data with sttindard deviations in parerrthescs,
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Fig. 3. Typical aerosol size distributions measured by the optical
particle counter over the stabilized bare soil surface. Curves (a) are
number density (AN/AlnD; particles cm ‘3) and curves (b) are
volume density (AV/AlnD: ~m cm 3, shown fur two different
days.
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Table 4. Enhancement t’actors for plutonium activity of aerosols on Bikini Island (HV data).

Soil Aerosol
aclivity uctivity Enhancen]cnt

Site Dtlte (Bqg ‘) (Bqg ‘) lactor

Dislurbcd b~lrc ~oil 5/()-8 ().57 1.8 3.10
St:lbilized bare soil 5/10-1 I ().57 ().54 ().96
Stabili~ed bare soil 5/12–16 (),57 (),39 ().6[)
Coconul grove 5/8- 16 ().3() ().12 0.41
Rozld wilh trut’t’ic 5/8–16 (). I5 ().3X 2.s

If the total plutonium activity (Bq g-1) is obtained
by integration of the curves of Fig. 2, we find that there
is, however, a significant change in the aerosol pluto-
nium activity relative to the plutonium activity of the
surFace soil. Let us define an enhancement Factor (EF) as
follows:

total aerosol activity (Bq g-’)
EF = (3)

soil activity (Bq g-l)

Upon investigation of the enhancement factors, we find
that the values apparently were less than one under
normal conditions (Table 4), probably because of selec-
tive resuspension of particles by size. We have found EF
values in the range of ().2 to 1.0 with a median of 0.6 at
undisturbed continental sites as well (Shinn 1992). The
EF values are expected to be a measure of both the
distribution of plutonium with soil particle size and the
manner that these particles are aggregated, since EF
changes with the degree of disturbance to the soil (Shinn
1992). Organic debris could also dilute the aerosol. The
ratio of organic particles to calcareous soil particles
remained about constant ( 10Yc) as determined by x-ray
fluorescence on the PAs filters exposed at this site during
the same period. We know from previous studies that one
com orient of organic matter, plant leaves, had a ratio of

?10- plutonium concentration relative to soil and could
serve to dilute the inorganic aerosol.

Under dusty conditions, EF values exceed unity,
such as in the cases of the disturbed bare soil (3.1) and
the road with traffic (2.5). So there are two different
factors producing increased plutonium aerosol concen-
trations (KBq m 3, during unusual resuspension. The
aerosol dust concentration increases, but also the pluto-
nium activity increases. For example, averaged over 10
HV instruments, the ratio of plutonium concentration

over bare soil on 6–S May compared to 10–1 1 May is
caused by a 5.91 times increase in dust aerosol concen-
trations (Table 2) and 3.23 times increase in enhance-
ment factor (Table 4) for a combined effect on aerosol
plutonium concentration (239 ~Bq m ‘3/12.5 ~Bq m-s)
of 19.1.

Resuspension of radioactive particles by vehicular
and foot traffic

The integrating nephelometer was installed with
intake at 1.2 m height and 2 m leeward from the position
of average tire tracks on a frequently-traveled, one-lane
dirt road on Bikini Island. Even though the traditional

vehicular traffic of light trucks at low speeds was
increased in frequency by our experimental activity, we
were interested in characterizing the resuspension of
plutonium and inhalation exposure per vehicle pass. The
nephelometer provided details on magnitude, duration,
and frequency of dust concentrations, while plutonium
and dust aerosol concentrations (Table 2), and plutonium
activity and enhancement factors (Table 4) were obtained
by a co-located HV.

Dust concentrations above background rose in a
pulse exceeding 10 s duration where the peak was
obtained in a period about 4.5 s after the passage of the
vehicle (Fig. 4). This characteristic time to arrival of the
peak, regardless of concentration, was determined by
X/Cr,, where the travel distance X is 2 m and the RMS
turbulent velocity {~,, is about one-tenth the local wind
speed of 4.5 m s- 1. Hence, the dust pulse was traveling
by diffusion and not characterized by translation in the
wake of the passing vehicle. The dust pulse example of
Fig. 4 represents an extreme case (more than 90% of
occurrences had lower concentrations) but demonstrates
the characteristic peak to mean ratio of 3.6 and the slow
return to background on the trail of the pulse. The
amplitude and frequency of dust pulses due to motor
vehicle, bicycle, and foot traffic were recorded during
1l–l 5 May. The 68 cases of motor vehicle passes
observed showed an approximate log-normal frequency
distribution with median peak concentration (above
background) of 100 ~g m-3 and geometric standard
deviation of 3.4 (Fig. 5). Bicycle tr~ffic could not be
distinguished from foot traffic. In the seven observed
cases of foot traffic, we found an approximate median
peak concentration above background of 26 Kg m– 3.

It should be emphasized that the log-normal concen-
tration implies a 5Y’r chance of an exposure to a
vehicular-induced peak concentration of 760 Kg m-s
having a mean concentration 760/3.6 = 211 pg m-s for
about 10 s. Tbe plutonium enhancement factor was
estimated at 2.5 in this study (Table 4).

Personal inhalation exposure and dosimetry
Until now, the discussion has centered on the

(combined) isotope ‘-‘~y +240PU, since in fact this is the
most important component of inhalation exposure. Ex-
tensive soil sampling on Bikini Island has established
that a relatively homogeneous mixture of isotopes exists
in the soil (Table 5). In the aerosols, some of the isotopes
become significantly enhanced ( 137CS), but they remain
of lesser inhalation-hazard.
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Fig. 5. Frequency of peak dust concentrations on the downwind
side of a one-lane dirt road following passages of a light motor
vehicle.

surface soil had the mean value 0.57 Bq g-1 with an
observed range of 0.085 to 1.0, and a fractional standard
deviation of 0.57. There was no apparent pattern to the
soil concentrations and they exhibit approximately nor-
mal, random variation perhaps due to previous tilling and
blading locally. (The data did not fit a log-normal
distribution any better.)

I In the context of living condition effects on expo-
sure, personal air samplers dosimeters (PAs) Drovided

o 5 10 15 20

Time, s

Fig. 4. An example of a dust concentration pulse on the downwind
side, 2 m from the edge of a dirt road, showing a peak mass
loading of 530 ~g m‘3 following the passage of a light motor
vehicle.

In the case of 238Pu, the concentrations in air were
so low that they were probably greatly influenced by the
contribution from sea spray.

The in situ gamma (ISG) spectroscopy system that
measured 241Am in the soil at Bikini was highly corre-
lated to that measured in surface soil samples by special
chemistry methods (R2 = 0.910), which gives confidence
in both methods. However, data from the ISG system was
consistently lower than the soil sampling method by a
factor of 0.7 because it integrated a view volume about 5
cm depth and the exponential decrease of isotope con-
centration with depth gives lower mean values. After
correction by a factor 1.44, the ISG method was the
primary method for mapping 241Am as a tracer for the
source of suspended plutonium isotopes. The horizontal
variations in soil isotope concentrations (ISG data) were
small enough so that one could justify mean values as
local regional values for soil. For example, on the
2-hectare bare field, it was determined that plutonium in

.,
information about inh~lation exposure of individuals
relative to the reference HV monitors after a necessary
adjustment. It was found that the fraction of dust in the
total aerosol collected by the PAs was greatest for
workers exposed during heavy tilling but was also high
for workers exposed in and around houses (Table 6). In
this and prior studies, we found that the ratio of PAs
Dust:HV Dust has a value of approximately 0.5 where
both PAs and HV are sampling the same aerosol cloud of
this size particles (2.5 pm MAD) because of the cyclone
particle-discriminator on the PAs. Therefore, the en-
hancement of inhalation exposure by a worker’s own
actions where the PAs and HV are not sampling the same
cloud can be estimated by a personal dosimeter enhance-
ment (PAE):

PAE = 2 X (PAs Dust/HV Dust). (4)

Values so computed show significant enhancement
(PAE) of inhalation exposure (2.64) during heavy work
outdoors by persons sitting or kneeling while digging or
using tools on the ground (Table 6). The second highest
enhancement ( 1.86) came from persons with duties in
and around the houses. Other work, including heavy
tilling, produced inhalation exposures satisfactorily mon-
itored by HV and, thus, their PAE values were close to
unity. The main limitation of the PAs data and the
derived enhancement values (PAE) is that no information
is obtained about the plutonium enhancement factors
expressed by eqn (3). It should be recalled that plutonium
enhancement factors (EF) of the same magnitude as these
PAE were detected by HV (Table 4).



Resuspen\iun studies in the Murshal] Islunds ● J. H. StiINN I,T ,11.. 255

Table 5. Radiotictive isotope ratios in soil and aer{>s[]ls at a stabilized bare field {m Bikini Island,

2’UPU” “’Am ‘37CS “(’Sr
2‘“ ‘ 2’(’PU

2‘“ 2JOPU ‘ ‘<’‘‘40PU ““+ ““PU ‘7<’‘ “’]Pu (Bqg ‘)

S{)iI ().(M)13 ().556 9,X() 9,15 (),57
FS D’ ().56 ().55 ().48 ().52 ().57

Aer(~s(Jls (HV) ().()5() ().439 61.4 12.8 ().47
FS D’ ().64 ().34 ().32 ().5 1 ().35

“Ffiictional st:tlld~rd devititi{Jns (s/i).
“A \ignit’icunt frtictiun of ‘~XPu in oir was due (() \ea \pray,

Table 6. Cc)mparative et’fects{)f living cc>nditions from personal ~ir samplers (PAs) worn by volunteers in various
work assignments.

Outdours over disturbed Outdoors” u~cr \ttibilized and Inside and outside
Acti\ity hare t’ield vegetated surfaces around hnuses

During lining Light wurh Heavy work Light wnrk

Nunlher of v{)lunteer~ 2 4 3 3
PAsdu\t Imcti(m” 94% 56% 56% 89%
PAs dust (Kg n) ~) 62 1~ 2X 20
PAs du\t/HV dust .46 .55 1.32 .93
PAs enhancetnenth ,c)~ 1.10 2.64 1.86

“Per\ c)r~ald(~sill~eterdust is corrected t’urscasproy hut containsahout 10% (~rganic matter, b(~th estimatedby x-ray fluorescence,
“PDenhancenlent = 2 X (PDdust/HV dust).

Table7. Inhalation expc)sure tc]plut(mium (-‘3’)’24’’Pu) for worst case and best case c{~nditions on Bikini.

Inhultitiun Personal
rltc (ml Dust aern~ol S(>il Pu activity Enhancenlent enhancelnent

Condition” h ‘)
~Bqh ‘

(yg [11 ‘) (#Bq~g ‘) Iactnr (EF) (PAE) Expn\ure

Bare tield during tilling 1.04 136 0.57 3.10 ().92 230
Stabilized field, heavy work 1.04 21 ().57 0.83 2,64 27
lnfind~rc)urldbouses, light w{)rk ().83 21 (),57 (),83 1,86 15
Cocunutgmve. light work ().83 ?1 ().3() ().41 1.10 2.4
At ru;idsidc. nne vehicle/h’l ().()()23 28 ().15 2,50 (1,0) 0.024

“Basedo ntheexp(>suret oc,ne. lo-\, tlledian, vehicullir dust-pulse perh(lur, lr,)/inclLldillg backgr()und(BG),

Inhalation exposure (KBq h-1, using an inhalation

rate (IN-RATE) and previously defined terms may be
estimated as follows:

lNHAL. EXPOSURE = IN-RATE X

HV DUST X SOIL ACTIVITY X EF X PAE (5)

(pBq h-t) = (m’h-t)(Kgnl-’) (Bqg-’)

(l O-’g~g-t) (l O’VBq Bq-’).

Using eqn (5), data from Tables 2, 4, and 6, the
subtraction of mass loading of sea spray, and the best
estimates for the enhancement factors and inhalation rate,
we calculated inhalation exposure of ‘3’)+2qoPu for four
cases on Bikini (Table 7). Under the worst case condition
(during tilling in a disturbed bare field), the inhalation
exposure was 230 ~Bq h-1, and in the best case (light
work in a coconut grove), the inhalation exposure was
2.4 KBq h -1. Intermediate values were 27 VBq h-1 for
heavy work in a bare field, and 15 KBq h -1 for light
work in and around houses. (In the latter case, we had to

use an enhancement factor measured in the nearby field
rather than in and around the houses. )

Walking along the road with one vehicular passage
per hour produced an estimated 5070 chance of additional
inhalation exposure of 0.024 pBq h– 1 (above back-
ground) and the soil plutonium activity on the road was
notably lower (O. 15 Bq g- t ) compared to the field (0.57
Bq g-’) (Table 7).

SUMMARY AND CONCLUSIONS

Mass loading (all aerosols) on a HV filter was 55 Kg
m ‘3 on Bikini Island over stabilized and vegetated
surfaces (e.g., in a bare field following rain and in a
coconut grove). This compares to 56 Kg m–s measured
at a vegetated site on Enjebi Island of Enewetak Atoll in
February 1977, and a 42 ~g m‘3 weekly average for 10
wk in a coconut grove on Eneu Island of Bikini Atoll
May–August 1978. (Wind speeds were comparable, 4-5
m s–(, in all cases. ) The more detailed studies at Bikini
revealed that 34 Kg m – 3 of the mass loading was salt
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Table 8. Plutonium aerosol concentrations on Bikini and Enewetak Atolls compared (winds 4-5 m s ‘),

Plu[(mium Suspended Surface \oil
i]emso] soi I plutonium Estimated

concentmtion Licti\,ity activity enhancement
Location Surfoce descript i(m (pBq m ‘) (Bqg ‘) (Bqg ‘) fiictc)r

N<JrI?IIIl“B<(<kgr<]uII{l“
Bikini Coconut grove ~,~ 0.12 ().3() ().4 1
Bikini Stabilized bare soil 9.8 ().47 ().57 ().82
Enjebi Vegettited field 8.9 ().4()” ().9() ().45”
Enjebi Downwind of rufid 4,() (),73” 1.30 ().sfi’
u)?(4Yll(//c(Jrl,///iotlY
Bikini Field, t’reshly tilled 2.4 1.8 ().57 3.10
Enjebi Garden, Ireshlyt illed 2.8 4.()” ().90 4.41”
Enjebi Garden, 1 wkat’ter tilled 1.1 2.3” (),90 2,55’
Bikini Road with traffic I .6 ().38 (). 15 2.50

“Calculatedly zissuming 34 ~g m ~ seii spray which has been verilied by measurement on Bikini

from sea spray, and that this sea spray contribution
remained constant across Bikini Island beyond 20 –50 m
from the windward beach.

The “background” concentrations of aerosol pluto-
nium on Bikini are comparable to those on Enjebi Island,
Enewetak, when one considers the surface soil plutonium
activity (Table 8). And, by assuming that Enjebi Island
had the same aerosol sea spray background (34 Ng ‘3) as
Bikini (which has not been verified by actual measure-
ment) we found that the enhancement factors agree
reasonably well. The normal enhancement Factor is 0.56,
if one assumes that values less than 1 (Table 8) represent
normal variations about the mean of ().56. Apparently,
the process of resuspension is preferentially selective by
particle size on these atolls to the extent that an aerosol
plutonium dilution of 1.8:1 normally occurs.

During unusual surface conditions, such as immedi-
ately after tilling, plutonium aerosol activity (normalized
by means of the enhancement factor) also agree well. The
corresponding enhancement factors were 4.41 on Enjebi
Island and 3.10 on Bikini Island.

Plutonium resuspension fluxes due to continuous
wind erosion and resuspension were estimated for Bikini
by a meteorological flux- radient equation to be a
minimum of 1.8 Bq m–z y -F. In the coconut grove and 23
Bq m-z y-’ over a bare field stabilized by light rain.
Since fields do not remain unvegetated for more than a
few months, the coconut grove resuspension flux is
probably representative of the island as a whole, even
though the wind speeds are one-fourth as high in the
coconut grove canopy as in the open.

Particle size distributions measured by both optical
and cascade impactor methods show that over the rain-
stabilized bare field, the total aerosol size distribution is
log-normal with median aerodynamic diameter of 2.4
pm and geometric standard deviation of 3.0, but there is
no significant size difference between aerosol plutonium
activity and aerosol mass concentration. During the
unusual condition of tilling, the size distribution shifts
from a median aerodynamic diameter of 2.5 pm to about

2.0 ~m with a concurrent increase in plutonium enhance-
ment factor from less than one to 3.1 on Bikini (4.4 on
Enjebi). The change in particle size distribution would

not contribute to large changes in lung deposition, while
the change in plutonium activity would. In the case of a
soil disturbed by tilling on Bikini, the plutonium concen-
tration increased by a factor of 19. I due to a S.2S X
increase in enhancement factor and a 5.91 X increase in
dust aerosol concentrations.

Vehicular traffic produced dust pulses of nominal
10 s duration in a 4.5 m s-” 1 wind, which were log-
normally distributed having time-averaged concentra-
tions above background of 28 Kg m-s less than 50Yc of
the time and 211 ~g m-s less than 5% of the time. (Peak
concentrations were a factor of 3.6 higher. ) The pluto-
nium enhancement factor for vehicular traffic was 2.5.
Foot and bicycle traffic produced dust pulses about
one-fourth as large as vehicular traffic.

Personal air sampling showed that under various
exposure conditions, workers inhaled different fractions
of inorganic dust and salt, while the organic fraction
remained constant at about 10Ye. Consequently, a per-
sonal air enhancement factor was defined to express the
effect a worker has by stirring up dust in his own
immediate environment.

In conclusion, this study has been as comprehensive
as necessary to provide the key parameters for inhalation
dose assessment of exposure to plutonium contaminated
aerosols. Preliminary dose assessments have been veri-
fied now by aerosol measurement methods and at differ-
ent locations. There remain several unexplained and
untested results. It is not yet clear why the aerosol dust
concentration is apparently uniform for different surface
cover and wind conditions (e.g., coconut grove vs. bare
field). It is also not known why the plutonium enhance-
ment factor is less than unity in the normal case, while at
the same time, the aerosol plutonium activity and the
aerosol mass size distributions are not significantly
different. Long-term monitoring on these remote atolls is
not yet very practical.

Atk)if)tr/f,t/~ft/{,?i[,s-The field studies rel~ted tn this research would not
h:ive been possible without the electronic engineering assistance of Clen O.
Fry und the field support by members of the Morshall Islands Dose
Assessment Team, cspeciolly Mitrshall L. Stuart. Gamma anulysis was
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pert’c)nned in the field hy Juhn A. Kirby. Wurk pert’orrned under the
auspices c)f the U.S. Depur(lment uf Energy tit Litwrence Li\,cmlOre
Ntitiunal Lahoratury under contract W-7-t05-Eng-48.
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A COMPILATION OF NUCLEAR WEAPONS TEST

DETONATION DATA FOR U.S. PACIFIC OCEAN TESTS

S. L. Simon* and W. L. Robisonl

Abstract—Prior to December 1993, tbe explosive yields of 44 of
66 nuclear tests conducted by tbe United States in tbe Marshall
Islands were still classified. Following a request from tbe
Government of tbe Republic of the Marshall Islands to the U.S.
Department of Energy to release this information, the Secre-
tary of Energy declassified and released to the public the
explosive yields of the Pacific nuclear tests. This paper presents
a synopsis of information on nuclear test detonations in the
Marshall Islands and other locations in the mid-Pacific includ-
ing dates, explosive yields, locations, weapon placement, and
summary statistics.
Health Phys. 73(1):258-264; 1997
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INTRODUCTION

Dcr~[~~ IHII years 1946 through 1962, nuclear weapons
testing was conducted by the U.S. over the mid-Pacific
ocean and on several islands and atolls in the region. In
particular, Bikini and Enewetak, two neighboring coral

atolls in the Marshall Islands, were used as sites for
nuclear weapons testing during the years 1946 through
1958. In 1962. the U.S. continued atmospheric testing at
Christmas Island, Johnston Atoll and several other mid-
Pacific locations outside of the Marshall Islands.

During the years of nuclear testing. the Marshall
Islands was part of the U.N, constructed Trust Territory

of the Pacific (TTP), a group of small island countries

entrusted to the U.S. following the end of WW1l. The
TTP remained in effect until the mid- 1980’s when the
Marshall Islands chose to became an independent repub-
lic.

Testing began in the Marshall Islands with shot
ABLE (Operations Crossroads) on 30 June (GCT) 1946
and ended with FIG (Operation Hardtack 1) on 18 August
(GCT) 1958. On 3 I October 1958, the U.S. began a
unilater~l testing moratorium based on the assumption

* ~ddres~ II the [jtne Or writing was Nati(mwidc Riidiolngictil
Study. P. 0. Box 1808, Majuro, Marshull Islands 96060,” now Boi~rdon
Riidi:llicm Effects Research, Nati(m:]l AciIdenly ot’ Sciences. 2101
Constitution Ave. N. W., Washingttm, DC 20418; ‘ Health and
Ect)lngical Assessment Di\isiml, Lawrence Livcrmore N:ltinn:il Lah-
oris[ory. L-280, P, 0, Box 808, Liver’mnrc, CA. 9455 I -0808”

(Mfltlll.$cri/~t ~C’[C’il’ecl3 A[lril I996: r<>liv<’(1/tl(in[4.s(ri/Jlr<>c.<,i~’<’<1
~g N(),.1,,,1/><,~]996, <IIcL,/II<,c/13 M[lr< ‘II I ‘)97)

()()17-1)078/~)7/$3.()()/()
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that the Soviet Union would also cease atmospheric
weapons testing. When the Soviet Union resumed testing
in September 1961, the U.S. resumed testing in Nevada
and in the Pacific; the first of the Pacific series was in
April 1962 in the area by Christmas Island. Thirty-nine
nuclear weapon tests were conducted outside of the
Marshall Islands by the U.S. near Johnston Atoll and
Christmas Island.

This report presents ( 1) summary statistics of the
explosive yields at each of the four mid-Pacific test site
locations; (2) a detailed list of the date, explosive yield,
location and weapon placement for each test; and (3) a
brief examination of the temporal and yield distributions
for each of the four main Pacific test sites. Some of this
information has been obtainable over the years in various
documents, reports and conference proceedings (see for
example, U.S. Congress 1959; Carter and Moghissi
1977; U.S. DOE 1977; DNA 1979; Schell et al. 1980;
BARC 1984; Norris et al. 1989; BAS 1992), although the
yields for 45 of the 66 tests in the Marshall Islands were
not available to the public at the time of those publica-
tions.+ The availability of data on yields of the tests
followed a 1992 request by one author (SLS) through the
Ministry of Foreign Affairs of the Republic of the
Marshall Islands. Late in 1993, the U.S. Secretary of
Energy released the yields of the tests to the Marshall
Islands Government and the U.S. public (U.S. DOE
1993 ). The most recent comprehensive report to date is
U.S. DOE ( 1994).

DATA SUMMARY

Marshall Islands tests
Bikini Atoll, located in the northwest sector of the

Republic of the Marshall Islands, was the site of 23 of 66
underwater, ground level and above ground nuclear tests;
one additional test was conducted 100 km W of Bikini.
Enewetak Atoll, located 350 km west of Bikini, was the
site of 42 nuclear tests including two with zero yield. The
combined explosive yield (kt TNT equivalent) for both
test sites was 1.08 X 105 kt TNT (U.S. DOE 1993). The
proportions of the total explosive yield at Bikini and

: BAS ( 1992) g:~ve cxplosi\e yields for the test Ltfitaunreleased at
tha( time though the vulues were slightly different thtin the d;ita
subsequently dccl:issificd :ind released by the Department 01’Energy in
I993.



o

Bikini Atoll
36

32

28

.1~:
3000 6000 9000 12000 i 5000 0 3000

Enewetak Atoll

T-
6000 9000 12000

Yield (kt TNT equivalent) Yield (kt TNT equivalent)

15

b

3;

Christmas Island area Johnston Island area
I

o 3000 6000 9000 12000 15000 0 3000 6000 9000 12000 15000

Yield (kt TNT equivalent) Y[eld (k! TNT equivalent)

Fig. 1. Frequency distributions for cxplnsive yield (kt TNT equivulerlt) of nuclear tests at Bikini At(~ll (Marshall
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Table 1. Summary statistics of numbers c~t’U.S. tests and explosi~e yields a[ mid-Pacific locutions.”

Christlnu\ O(her
Bikini I\l:ind Encwellh Jt)hnstnn Pucit’ic
Atoll ;Ire:L AI(,II A(nll are:l I(]culions

Number of tests ~~$ 24 ~~ 1~ 3
Mis\ing yield v:\lues” () () () 4 ~

YIELD (k( TNT equivalent)
Mininlum’ I .7 ~,~ ().() 11.3 30,()
Maximum’ I5000.() 7650,() I(M()(),() 8300,()” 30.()
MeJn’ 3201.6
Medi:u~’

968.~) 736.1 2472.() 30.()
3X8,5 3 I().() 45.5 141)5.() 30.()

Total” 76838.8 ?~?f~ ~-. -. . 31653.4 19716,3+ 30+

“ Includes shc)~YUCCA, 100”km W (~t Bikini.
“ DJll\ not releilsed
‘ B;tsed on iivitilablc CI:II:I only; nnt s[rictly correct Ior J(~hns[(]n Atoll und Olhcr Puciric lt)cati(nl\ hecau\c nt’ nll\sing yil]ues.

Enewetak were 70.8% (76.8 Mt) and 29.2Yc (3 1.6 Mt),
respectively.

The testing program in the Marshall Islands during
the first 6 y of the 12-y program was relatively sparse.
The first two nuclear explosions (21 kt each) were at
Bikini Atoll in 1946 as part of Operations Crossroads.
The next six tests were conducted at Enewetak Atoll,
three in 1948 and three in 1951. Less than 1Yoof the total
explosive yield of the Marshall Islands series was re-
leased in the tests prior to 1952. Beginning in 1952 with
the Ivy series and continuing in 1954 with the Castle
series, the testing program escalated in frequency and
size of tests. The percentages of the total explosive yield
of Marshall Islands tests during 1952, 1954, 1956 find
1958 were 10.27c, 457., 19.470 and 24.97c, respectively.

On seven different occasions, two nuclear tests were
conducted on a single day: once in 1956. five times in

1958, and once in 1962. On five of those occasions, both
Enewetak and Bikini Atolls were used as test sites within
the same day.

The United States’ first experimental thermonuclear
test explosion, GEORGE (Operation Greenhouse), was
detonated at Enewetak on 8 May (GCT) 1951 and
yielded 225 kt (U.S. DOE 1994), The first thermonuclear
(hydrogen) bomb tested by the U.S. was MIKE (Opera-
tion Ivy), detonated at Enewetak on 3 I October (GCT)
1952, yielding 1().4 Mt. On 28 February (GCT) 1954, the
U.S. exploded its largest thermonuclear device ever,
Castle BRAVO. $ BRAVO was detonated tit Bikini Atoll
and yielded approximately 15 Mt equivtilent TNT. The

s C~]slle BRAV{) is nflerr cited ;IS Iltlving been detnn~tcd on I
Mtirch 1954. The I{)ciil time t)l the detnntition wos 6:45 a.m., I March
1954,
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first airdrop of a U.S. thermonuclear weapon was CHER-
OKEE (Operation Redwing, 20 May 1956), also at
Bikini Atoll; it yielded 3.8 Mt. For comparison, the
largest above-ground test at the Nevada Test Site was 74
kt (Plumbbob HOOD, 5 July 1957). Fifty percent of the
tests in the Marshall Islands were larger than any of the
tests at Nevada.

Christmas Island, Johnston Atoll, and other Pacific
locations

Thirty-nine nucleal tests were conduced by the U.S.
at locations in the mid-Pacific outside of the Marshall
Islands. The total explosive yield of those tests equaled
43 Mt. All of the tests at these locations were conducted
in 1962 as part of Operation Dominic except for 3 tests
in 1958 as part of Operation Hardtack I (Operation
Newsreel).

Twelve tests were conducted in the area near
Johnston Atoll, an atoll which today remains as a U.S.
military installation. The tests near Johnson Atoll were of
large yields (see Fig. I ) though all were airbursts. Many
of the tests near Johnston were high altitude explosions
(greater than 10“ m); the weapon exploded at the highest
altitude (4 X 105 m) was STARFISH PRIME (Operation
Dominic, 9 July 1962).

Twenty-four tests were conducted in the area near
Christmas Island. Christmas Island, a small atoll in the
Line Islands of Kiribati (also known as the Gilbert
Islands), is about 3,700 km E of Bikini Atoll and 2,500
km S of Hawaii. All of the Christmas Island tests and all
but two of the Johnston Island tests were conducted in
1962 as part of Operation Dominic. All the U.S. tests at
Christmas Island were air bursts.

Two of the other three tests conducted in the Pacific
Ocean were underwater detonations (WIGWAM and
SWORDFISH). The third of that group (FRIGATE
BIRD) was launched from a Polaris submarine (depth of
firing and altitude of detonation unknown).

Summary statistics of the nuclear tests conducted by
the U.S. at its four mid-Pacific test sites are presented in
Table 1. A complete listing of the date, time, explosive
yield, location and weapon placement for these tests is
given in Table 2. Fig. 1 provides frequency distributions
of the explosive yields at each of the four mid-Pacific test
sites.

CONCLUDING REMARKS

Of the four mid-Pacific test sites, Bikini Atoll had
the largest total explosive yield, although the distribution
of yields at Bikini was the widest (see Fig. I). The
number of tests that exceeded 1 Mt in yield was 1I at
Bikini (45.8Yo), 7 at Christmas Island (29.2%), 7 at
Enewetak Atoll (20.370) and 5 at Johnston Atoll (4 1.7Yo).
The 18 tests in the Marshall Islands that were greater than
I Mt contributed about 95% of the total explosive yield
of the Marshall Islands series.

Of interest to physicists and historians is the fission
yield of the thermonuclear tests. Those data have not
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been made available; however, estimates of 50% fission
yield for those tests is an assumption which is often used.

A{kflf~}!/<,~/,f~~l(,)j/.$-The U.S. Department c~t’Energy pru\,ided inf{~rmation
t’(~rthi\ report, The Marsh~ll islands Nu[iunwidc Radiolugicld Study and
L:lwrencc Livcrnl(>re Nutiunal Laboratory supporled thi\ publication.
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SOME REFLECTIONS ON THE ROLE OF THE SCIENTIFIC
ADVISORY PANEL TO THE MARSHALL ISLANDS

NATIONWIDE RADIOLOGICAL STUDY

A. C, McEwan,* S. L. Simon, f K. F. Baverstock,’ K.-R. Trott,+ K. Sankaranarayanan,ll

and H. G. Paretzke[][

Abstract—As a consequence of the U.S. Atomic Weapons
Testing Program in the Trust Territory of the Pacific, now the
Republic of the Marshall Islands, numerous scientists have
advised the Marshallese on matters of radiation and radioac-
tive contamination. Some of the previous advice has appeared
to vary or conflict resulting in consequent uncertainty for the
people. In a new initiative in 1989, the RMI Government
engaged a five member multi-disciplinary Scientific Advisory
Panel to oversee the assessment of, and to advise on, the
radiological status of the entire nation. The formation of the
Panel was accompanied by the establishment of a Resident
Scientist position, and ultimately a small scientific team and
laboratory on Majuro. The nationwide radiological study was
conducted using ground survey methods over the period
1990-1994. ~dsks undertaken by the Panel included formulat-
ing reasonable objectives for the study and attempting to
establish effective communication and understanding of issues
with political leaders and RMI Government agencies and
people, as well as advising on and monitoring the scientific
integrity of the study itself. The attempt was also made to
initiate investigations to address matters of concern that
emerged. The problem was faced of providing not only tech-
nical guidance on radioactivity and radiation measurements,
but also explaining the significance of measured values and
concepts, such as risk and probability of health effects to a
diverse but nontechnical audience, generally across cultural
and language barriers. The experience of the Panel in provid-
ing advice and guidance to the Republic of the Marshall
Islands, while unique in many ways, parallels the difficulties
experienced elsewhere in communicating information about
risks from radiation exposure.
Health Phys. 73(1):265-269; 1997
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HISTORICAL CONTEXT AND BACKGROUND

Enewetak and Bikini atolls in the northern Marshall
Islands were used as bases for a series of nuclear
weapons tests conducted by the U.S. over the period
1946–1 958. One of these tests, designated Castle
BRAVO, which took place on 1 March 1954, deposited
heavy radioactive fallout on the islands of Rongelap atoll
about 160 km to the east of Bikini, and, at a Iowcr level,
on the islands of Utirik further to the east.

About 50 h after the BRAVO detonation, the U.S.
Navy removed the 64 Rongelap residents from Ron.gelap
Island and another 18 residents who were visiting Sifo
Island, Alinginae Atoll. A further 157 residents were
later removed from Utirik Atoll. The Rongelap Island
exposed group received external radiation doses esti-
mated to have been about 1.9 Sv and thyroid doses from
ingestion of iodines estimated at between about 50 Sv for
a I -y-old child to about 12 Sv for an adult.

Doses to Utirik residents were only of the order of
one tenth of those to residents on Rongelap Island, and
these residents were returned to Utirik a few months
later. Rongelap Islanders did not return to Rongelap until
1957. In March 1958, there were 81 persons there who
had been exposed in 1954 on Rongelap or Alinginae, and
about another 100 who were not.

The USAEC commissioned Brookhaven National
Laboratory’s Medical Division to establish a medical
follow-up program for the exposed group. Visits con-
tinue to be made, with the primary finding being damage
to the thyroid gland with, in particular, increased inci-
dence of thyroid nodules. The late appearance of thyroid
effects and one case of acute leukemia worried the
Rongelap people, as did measurements made on Bikin-
ians who had returned to their atoll after the nuclear tests.
These measurements showed somewhat higher than ex-
pected body burdens of 137CS. The Rongelap people
therefore abandoned Rongelap again in 1985, and a
community has been resident on Majetto Island on
Kwajalein Atoll. Resettled Bikinians had been removed
to Kili Island in 1978.
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A detailed assessment of the radiological status of
the Northern Marshall atolls was made by the U.S.
Department of Energy (DOE) in 1977– 1978. External
radiation levels were measured using airborne (helicop-
ter) instruments (EG&G 1981), and soil and other sam-
ples were taken for radioactivity analyses (Robison et al.
198 1a). From these measurements, which were reported
to the Marshallese people (DOE 1982), dose estimates
were made for resident populations (Robison et al.
198 lb; Noshkin et al. 1981; Robison et al. 1982).

A study of the incidence of thyroid nodules in
Marshallese by place of residence in 1954, published in
1987 (Hamilton et al. 1987). appeared to show an
elevated incidence of thyroid nodules outside the region
that had been surveyed by the U.S. DOE in 1977–I 978.
This increased distrust of the DOE, and DOE survey
work, led to calls for further monitoring.

NATIONWIDE RADIOLOGICAL STUDY

Under Section 177 of the Compact of Free Associ-
ation (U.S. Public Law 99-239) between the Republic of
the Marshall Islands and the United States, funding was
established to compensate displaced atoll communities
and. through a Nuclear Claims Tribunal, to provide for
compensation of any individuals who had suffered per-
sonal injury or loss of or damage to property as a result
of the testing program. Some limited funding was also
provided under the Compact for further radiological
studies. In 1989 the Marshall Islands Government re-
solved to undertake further investigations into the extent
of residual fallout and the effects on the Marshallese
population. These new radiological studies were at least
partly motivated by the wish to have evidence that could
support or refute claims for compensation made to the
Nuclear Claims Tribunal.

A five member Scientific Advisory Panel compris-
ing two health physicists, two radiation biologists and a
radiation geneticist, together with a Resident Scientist,
were selected by the Office of the Chief Secretary and the
Nuclear Claims Tribunal. Of those selected only the
Resident Scientist (SLS) was a U.S. citizen, to avoid any
association with previous advice from U.S. agencies.
Subsequently the Panel recommended that an environ-
mental radioactivity laboratory be constructed in Majuro
to serve as a base for the resident scientific survey team.
The laboratory, which began operdtion in 1991, had
radiochemical facilities and gamma and alpha counting
equipment.

At the first meeting of the Advisory Panel in
November 1989, a set of objectives for the study wtis
defined that changed only slightly subsequently. Briefly,
these were as follows:

1. To establish the extent of fallout radioactivity
throughout the nation and determine the past and
present levels;

2. To reassess the radiological conditions of Rongelap
and Utirik Atolls;

3.

4,

5,

To advise on effects associated with the derived
radiation exposure levels;
To advise and assist the Nuclear Claims Tribunal in
the determination of whether an individual’s particu-
lar disease, illness or property damage was caused by
the US Nuclear Testing Program or provide other
information and/or advice which may be defined at a
later date; and
To provide information to the public of the Marshall
Islands which explains and clarifies the findings of
this study and to participate in educational activities
concerning radiation and radioactivity, and its poten-
tial health and environmental effects.

The Scientific Advisory Panel to the Nationwide
Radiological Study followed a succession of largely
atoll-specific advisory committees, and indeed operated
contemporaneously with some individual advisers and a
Rongelap advisory committee. It did, however, for the
first time have oversight of a major radiological study
involving the whole of the Marshall Islands. The study
therefore necessarily overlapped in scope with prior
studies. The findings were reported in brief to the RMI
Government (Simon and Graham 1994) and are pre-
sented in detail in this issue (Simon and Graham 1997).
This paper reflects on the role of the multi-disciplinary
Advisory Panel and, in particular, experiences of the
Panel in attempting to establish effective communication
and understanding of issues with the RMI Government,
government agencies and Marshallese people.

Given the budgetary constraints, planning proceeded
with a ground-based radiological survey in mind, using
iII-.situ gamma-spectrometry to determine the concentra-
tions of gamma emitting radionuclides (principally
137CS) in the soil. The logistical problems associated with
surveying all significant islands of all atolls by small
survey parties resulted in the study extending over
several years. As much as was possible, Marshallese
were employed as staff to support survey work and to
provide support laboratory services in an endeavor both
to broaden local involvement in the study and assist in
providing local employment and training opportunities.
The sample analysis and counting was all undertaken at
the RMI laboratory in Majuro. It was hoped that this
involvement. and the fact of the study base being within
the Marshall Islands, would aid ownership both of the
study and its results by the Marshallese people.

THE PANEL’S WIDER ROLE

Apart from its major role in advising on the objec-
tives of the nationwide study, the scope and methodology
of measurements, and monitoring the study’s scientific
integrity and progress, attempts were made at an early
stage to meet and explain the objectives of the study to
the public and government officials. Meetings were held
with the RM1 Nuclear Claims Tribunal, the Cabinet,
Nitijela (parliament), and local press, and public meet-
ings were convened at M:~uro, Ebeye and Mejatto.
(Majuro, and Ebeye island on Kwajalein Atoll are the
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largest centers of population, and part of the Rongelap
community is resident on Mejatto island, also in Kwaja-
lein Atoll. ) These meetings had a common purpose of
introducing the Panel and Resident Scientist to the
different groups and outlining the study objectives and
types of information that would be obtained. The public
meeting in Majuro. in particular, was poorly attended.
although the session was videotaped and aired at least
twice on local television. Meetings of this type did not
uppear to be particularly effective for communicating an
understanding of radiation issues. such as the signifi-
cance of radioactivity or exposure levels. The Marshall-
ese people are aware of many scientists having come and
gone in the past, and it appeared essential for effective
communication that a base of adequate time, repeated
visits and a degree of familiarity was established for there
to be trust and acceptance. For people with very limited
understanding of radioactivity and radiation physics, and
no words to express such concepts in their language, trust
in the messenger may be more important than the
mcssuge for its acceptance. In the outer atolls in partic-
ular, social interaction with visitors is of importance, as
is respect shown to residents as owners of the atoll.
Individual panel members accompanied ground survey
parties on visits to five of the outer atolls.

Recurring questions that arose at these meetings
were the background and expertise of the panel members,
the time scale of the sludy (particularly having in view its
perceived link to the Nuclear Claims Tribunal compen-
sation strategy and payments), and whether the money
available was adequate for the purpose of a comprehen-
sive study. The latter question arose against the back-
ground of’ the 1977–1 978 DOE study of the northern
Marshalls for which the costs were very much greater. A
more specific concern raised at Mejatto was that the
continuing late presentation of thyroid nodules was
related to current levels of contamination rather than
exposure in 1954. The development of late effects clearly
engendered anxiety about present contamination.

A continuing dialogue with the Nuclear Claims
Tribunal was held throughout the course of the study.
Two significant areas of concern on which the Tribunal
requested advice were conditions which could be pre-
sumed to be caused by radiation exposure and a mecha-
nism by which compensation could be awarded for
claims on land contamination. Though the Nuclear
Claims Tribunal requested detailed advice and guidance,
in the end few if any of the recommendations of the Panel
were implemented. In particular, the list of compensable
medical conditions decided upon by the Claims Tribunal
was more expansive than was suggested by the Panel as
having firm evidence as likely radiogenic conditions.
Other suggestions by the Panel to use probability of
causation methods to determine financial awards and a
plan to develop equitable compensation for “land dam-
age” (principally contamination) were also not adopted.

One of the reasons underlying the establishment of
the Nationwide Radiological Study was the report by

Hamilton et al. ( 1987) that there is pronounced hetero-
geneity of the prevalence of thyroid nodules in the
Marshall Islands among those living during the nuclear
test period, with prevalence varying with distance from
Bikini. As an extension of the radiological monitoring of
all atolls and islands, the Panel proposed a further study

to test Hamilton’s hypothesis and seek to establish
whether causes other than radiation might be contribut-
ing to an apparently high incidence of thyroid nodules
and cancers in the Marshallese population. The study
proposed was an investigation of the prevalence of
benign thyroid nodules, thyroid cancer and hypothyroid-
ism with atoll of residence during the weapons test
program, and comparison with prevalence of these
conditions with atoll of residence in a control population
born after radioiodine from the tests had decayed. Estab-
lishing this study met with considerable difficulties in
acceptance, as well as logistics, with health officials
originally perceiving it as an unnecessary expenditure of
funds, which. in their view, could have been expended
more usefully in providing other health services, and
some resistance from others based on a perception of the
Marshallese people being further treated as guinea pigs
for scientific studies. Even more remarkable was that
some health officials viewed a comprehensive thyroid
study as potentially disproving any association between
thyroid disease and radiation exposure. thus eliminating
hopes for additional compensation. In spite of these
difficulties, during 1993– 1994, over 6,500” Marshallese
were examined for evidence of thyroid abnormalities.
Though data analysis is not yet complete enough to allow
conclusions to be drawn, the medical findings have been
described (Takahashi et al. 1997) and appear to indicate
disease rates that may be unusually high and warrant
further examination.

Another area proposed for investigation arose from
a concern of the Rongelap community that children
resident on Rongelap on their return to the island might
ingest sufficient plutonium in soils to receive appreciable
doses from this route. On the face of it, taking account of
measured soil concentrations and likely intakes, it ap-
peared unlikely to be a major contributor to exposure.
However, consideration was given to carrying out mea-
surements of infant soil ingestion rates for coral line soils
and the general living conditions of the outer atolls
(Simon et al. 1994). Some investigations carried out in
conjunction with the Rongelap Resettlement Project had
included exhuming, with the agreement and cooperation
of community members, the bones of some former
residents of Rongelap, and assessing the plutonium
content of bone samples. The extremely low measured
concentrations gave additional confidence that ingestion
of plutonium was not a significant source of exposure
(Franke et al. 1995). Ultimately. for logistical reasons the
infant soil ingestion study was not able to be performed,
but it was concluded that the intake of actinides by soil
ingestion was not likely to be more than a minor
contributor to infant doses.
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PRESENTING THE STUDY FINDINGS

A presentation of the findings of the study was made
to the President and Cabinet by the Panel and Resident
Scientist in December 1994. A presentation was also
made to the Nuclear Claims Tribunal, and copies of the
Summary Report (Simon and Graham 1994) were made
widely available. The local press gave extensive cover-
age to the results and conclusions. Distribution of the
Summary Report was followed by individual atoll com-
munity reports in both English and Marshal lese. [n a
foreword to the Summary Report the Panel wrote: “We
believe that the current levels of radioactive contamina-
tion of the territory of the Marshall Islands pose no risk
of adverse health effects to the present generation.
Similarly, on the basis of current genetic knowledge, we
judge the risk of hereditary diseases to future generations
of Marshallese to be no greater than the background risk
of such diseases characteristic of any human population.

Four atolls have been identified where exposure
rates are elevated to the extent that remedial actions are
indicated for some islands.

There are indications that the prevalence of thyroid
disease in the Marshall Islands may be higher than in
some other countries. While there is a well recognized
association with exposure to fallout radio-iodines, which
has given rise to elevated rates in the 1954 Rongelap and
Utirik populations, the amount of variation in prevalence
throughout the MarshalIs, and the overall level, remains
to be determined. The conduct of the thyroid study
therefore has the potential to give important new infor-
mation on the rate of thyroid disease in the Marshall
Islands, as well as allowing inferences to be drawn on the
extent to which fallout radio-iodines may have contrib-
uted.”

In the Summary Report attempts were made to
respond with simple explanations to questions commonly
asked and to set the exposure levels reported in an
understandable context. Some Marshallese do not accept
comparisons made between derived exposure levels and
background radiation rates, which are commonly used as

a basis of comparisons in other contexts. This is because
they adopt the view that exposure from radioactive
fallout is all additional to the assumed low natural levels
that they and their ancestors have experienced. The
comparison between radiation exposure levels and risks
incurred with smoking and the risks this habit carries,
was therefore emphasized. Smoking one pack of ciga-
rettes a day carries a risk more than 100 times greater
than an exposure level of 1 mSv y-1 ( 100 mrem y- l).
The impact of this comparison, however, may have been
only poorly appreciated as many Marshallese may not be
well informed on the causative association between
smoking and adverse health outcomes. The level of
natural background radiation in the Marshall Islands,
however, was also referred to. For atolls it has commonly
been assumed in the past that natural radiation exposure
arises almost entirely from cosmic rays, because of the
absence of significant terrestrial radioactivity and radon.
The study by Noshkin et al. ( 1994), however, on dietary
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intake of 210PO and 21‘)Pb from sea foods, indicates
annual doses from this source of about 2 mSv in the
Marshalls. Annual doses from natural sources in the
Marshalls may therefore be little different from many
continental areas. The amount of seafood in diet could
give rise to greater variation in annual doses than the I
mSv y–] accepted as a basis for Rongelap resettlement.
This comparison caused problems of acceptance by the
Marshallese community because the background expo-
sure rates cited were significantly different from what
had been previously understood.

As in other communities there was again the per-
ceptual difficulty of interpreting any limit proposed or set
as anything other than a boundary between “safe” and
“unsafe,” rather than as a point on a scale of risk.
Attempts were therefore made in discussion to indicate
that the benefits of resettlement of a community expected
to incur dose rates of a few mSv y-1 would far outweigh
the risk, if there was a genuine desire to return. Reluc-
tance or tardiness in taking steps towards resettlement
may, however, be related not only to anxieties about risk
but also to compensation eligibility and magnitude.

The findings of the Nationwide Radiological Study
(Simon and Graham 1994) summarized in the Panel
comments above, and given in more detail elsewhere in
this issue (Simon and Graham 1997), were not univer-
sally accepted. Indeed, a Nitijela resolution (Nitijela
1995), to which the Panel responded (McEwan 1995),
was both formulated and passed, rejecting the findings.
This resolution, in its reasons for rejection and explana-
tions, showed obvious misunderstanding of the methods
and results of the study and reflected a lack of effort and
perhaps willingness on the part of the proposers in
attempting to study and understand the results. This
negativity may have arisen from a sense of hurt. or wish
for compensation, from the nuclear tests and fallout,
which in the perception of the resolution proposers did
not appear to be sufficiently supported or corroborated
by the study findings, or from a feeling of deep and long
standing distrust of any scientific evaluation of the
situation in the Marshall Islands. As with the Chernobyl
affected population in the former USSR, there is a
widespread belief that most illness is traceable to radia-
tion effects, which may make any discussion on scientific
facts difficult, if not impossible.

Two persistent rumors in the Marshalls are the
attribution of poor arrowroot crops and the delivery of
“jelly babies” to radiation effects. The apparent poor
productivity of arrowroot after returns to formerly evac-
uated areas has been traced to the lack of cultivation of
the soil over the intervening years, and perhaps also to
10SS of knowledge of cultivation requirements (Spenne-
mann 1992). “Jelly babies” are grossly deformed, some-
times limbless fetuses which have been born not only in
the Marshalls but also in French Polynesia (Sunday
Times Star 1995) and have been considered to be the
result of exposure to radiation. Possible causes are viral
or other infections, toxic fish or other poisoning. or
genetic causes.
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CONCLUSIONS

It is the Panel’s view that the Nationwide Radiolog-
ical Study has provided a comprehensive and soundly
based survey of the radiological status of the Marshall
Islands. However, a less successful aspect of the study
has been the ability to convey an understanding and
perspective of the findings to the RMI government and
people. It would be most regrettable if, after concluding
this major study, the results were not incorpor~ted in
constructive future planning, or worse, set aside on the
flimsy grounds of not satisfying preconceptions or falling
in line with political agendas.

The findings of the study are consistent with recent
reports from Lawrence Livermore National Laboratory
(LLNL) for Bikini Atoll (Robison et al. 1995), not only
in measured soil and plant concentrations but also in the
assessment of doses to resident populations, although the
dietary models used were developed quite independently.
The findings of both the Nationwide Radiological Study
and the LLNL reports were endorsed by an IAEA
international Advisory Group which met in December
1995 and reassessed options for intervention measures on
Bikini Island (IAEA 1996).

It is perhaps not an uncommon experience of advi-
sory groups that political constraints, lack of cooperation
and support, and lack of acceptance of the findings can
lead to a certain disillusionment with participation in
such groups. While the experience of the RMI’s Scien-
tific Advisory Panel was unique in many respects, the
difficulties in communicating information about risks
from radiation exposure, and the conflict with political
strategies, are common to experience elsewhere.
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BEYOND LINEARITY

Dear Editors:
IN A RECENT Forum article, patterson provides convincing
scientific evidence for a re-examination of the linear no-
threshold (LNT) model in setting standards for radiation
protection (Patterson 1997). However, the LNT debate goes
beyond science.

Economic considerations also provide aforcefttl argument.
Regulatory compliance costs too much. The LNT model is
used widely to predict the reduction in risk for a given
reduction in dose. However, there is little epidemiological
evidence to show that reducing exposure to ionizing radiation
leads to a reduction in health risk. Regulations aimed at
reducing occupational safety and health risks have imposed
compliance costs of over $9 billion annually for negligible
risk-reduction benefits (Hahn and Hird 1991).

Perhaps public relations fallout is the most compelling
reason to re-examine LNT. Support of the LNT theory and the
idea that any radiation dose is potentially harmful has resulted
in a public relations nightmare for the nuclear industries
(including medical applications of radiation), Unwavering
support of the LNT theory has made it almost impossible to
respond effectively to alarmists’ claims that any dose of
radiation is dangerous. Public “outrage” from dangerous radi-
ation has led to over-regulation of nuclear industries resulting
in billions of dollars in compliance costs.

Opponents of the LNT model need to move the debate
beyond scientific arguments. If the LNT model is unacceptable,
what should be the basis for standards setting? Alternative
models (e.g., quadratic, linear-quadratic and threshold models)
to predict risk at low dose may prove to be equally unaccept-
able. All biologically plausible predictive models have signif-
icant uncertainties and cannot be readily distinguished from

one another in the low dose range. Perhaps consideration
should be given to model-independent strategies to set stan-
dards. One possible strategy involves a dosimetric approach.
Exposure limits might be based on the average natural back-
ground level to the U.S. population (-3 mSv y-’). Epidemi-
ological studies of populations around the world exposed to
background levels several times the U.S. average have not
detected an increase in health effects due to naturdl background
radiation (NAS 1990). Another strategy is based on an epide-
miological approach. After more than 50 years of epidemio-
logical observations, 100 mSv is the lowest dose which has
been consistently associated with a statistically significant
radiogenic risk. Using 100 mSv as a lifetime (70 y) dose limit
and correcting for the lower dose rate associated with environ-
mental exposures (DREF = 2), a public exposure limit of 2–3
mSv y-l is calculated. These are simple, straightforward
methods to establish public exposure limits. Such methods are
rational and may be readily explained to the public.

KI;NNETH L. MOSSNIAN

A rizot]u S(~lte Utlivfc~r,~iiy
BO.Y872701

Tt?}?IPe, AZ 85287-2701
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RESPONSE TO MOSSMAN

Deur Editors:
MOSSMAN correctly points out that the process for setting
standards for radiation protection goes beyond science. He
mentions economics and public perception as other ingredients;
and we all know this to be true.

However, in my view, the standard setting process must first
be scientifically based on a consideration of all pertinent data
on human exposure to radiation. Unfortunately, as my Forum
article shows, this is not now the case.

Standard setting groups have selected, manipulated and even
overlooked human data, simply to conform to an assumptionfor
which scientific evidence is scanty at best. This practice is

()()17-9078/97/$3.()()/0
C{~pyright O 1997 Health Physics S{}ciety

common, and in my Forum article 1 was able to give only a few
of many examples.

Nowhere, to my knowledge, have standards been set using a
“best fit” to the data. Instead they are based on a scientifically
unjustified downward extrapolation using a risk-response curve
whose origin is either at 0.0 (absolute risk model) or at 1.0
(relative risk model), and whose slope is everywhere positive.
This procedure guarantees that all derived risks will be posi-
tive.

First, give proper scientific scrutiny to all the data; second,
come to scientific consensus on what the data have to say about
human response to radiation exposure; only then consider other
factors which bear on the standards themselves.

H. WAIII; pA1-rERSON


